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Abstract 
Fossil fuels are the finite resources of fuels produced naturally from the remaining of 
living organisms in millions of years. Most of the world’s energy demand is fulfilled by 
the fossil fuels in the form of heat and electricity generation, as well as transportation 
fuels. The increased use of fossil fuel to fulfill the rising energy demand of the world is 
not only depleting their finite resources but also causing the environmental damage due 
to the accumulation of CO2 into our atmosphere, a major cause of global warming.  
Microalgae are one of the potential resources which offer solution for CO2 mitigation and 
global energy demand. They produce energy-rich contents (mainly oils/lipids) which can 
be converted to fuel. Various pathways of producing fuel from microalgae have been 
proposed in the literature. However, all of these pathways are very cost and energy 
intensive making the algal fuel production unfeasible on the commercial scale. 
A unique species of microalgae, Botryococcus braunii, is known to produce long chain 
hydrocarbons similar to the fossil oil in contrast to the other algal species which produce 
lipids. The B. braunii hydrocarbons can be utilized to produce high quality fuel or fuel 
based products. However, the slow growth rate of B. braunii makes it an unlikely 
candidate for the conventional algal fuel production process due to the cost and energy 
intensive nature of the process. One of the unique characteristics of B. braunii is the 
repeated production of hydrocarbons after their non-destructive extraction - the process 
is called milking. Recycling of microalgae as in case of milking for repeated production 
of hydrocarbons not only reduces the fertilizer consumption of the process required for 
the growth of microalgae but also reduces the requirement of fast growth of microalgae.  
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This study targets to determine the potential of milking of B. braunii as a pathway of 
renewable hydrocarbon production on a commercial scale by conducting the techno-
economic and the environmental assessment of the process. The process modeling, 
superstructure optimization, plant design and economics, and life cycle analysis are the 
various methods used for the analysis of the milking process. Aspen Custom Modeler, 
GREET (Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation) 
and Microsoft Excel are the software used for this work. The superstructure is developed 
for the milking process using all possible technology options for each stage of the process. 
The process models are developed for each flowsheet configuration in the superstructure. 
The final flowsheet has been selected by the superstructure optimization with an objective 
function to maximize the net energy gain of the process. The layout of the plant has been 
proposed for the commercial-scale production of B. braunii hydrocarbons. The 
economics of the process has been established using discounted cash flow analysis. 
Greenhouse gas (GHG) emissions and the total fossil energy consumption of the process 
have been estimated using life cycle analysis methods. The minimum sales price for B. 
braunii hydrocarbons is estimated to be US$3.20/L for 30-year project life. The life cycle 
energy return on investment is found to be 1.04 MJ produced/MJ fossil energy consumed, 
and the GHG emissions of the process are estimated to be -0.90 kg CO2-eq/kg B. braunii 
hydrocarbons. The results show that in spite of slow growth rate, B. braunii has no less 
potential for renewable fuel production than any other fast-growing algal species. Given 
the current fossil fuel prices are very low, the economics of microalgal biorefinery, in 
general, is not very attractive today. Keeping in view the global need of CO2 mitigation 
and the rising energy demand in parallel to continued research and development in the 
field, it is anticipated that the future of microalgal based biorefinery is not very far. 
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Introduction to the thesis formatting 
This thesis is presented as the thesis by publication. It has been divided into three sections. 
The first two sections comprise of published papers as chapters. As most of the chapters 
of this thesis are independent publications, some repetition of literature review and data 
was unavoidable. The sections have forewords to describe the contents of that section, a 
link between the sections, or both where necessary. In order to get the coherent 
formatting, the publications have been modified to match the thesis formatting. However, 
the heading numbers have not been modified to avoid the changes from the original 
publications. The cross references in each chapter refer to the Section/Figure/Table/ 
Equation number of the same chapter. The references and citation style of each chapter 
have been restricted to the journal’s guidelines where it was published. The 
supplementary data of the published papers have been added at the end of the thesis as 
appendices. The published chapters as published in the journals/book have also been 
included as appendices. 
  
vi 
 
List of Publications 
1. Chaudry, S., Bahri, P. A., & Moheimani, N. R. (2015). Pathways of Processing of 
Wet Microalgae for Liquid Fuel Production: A Critical Review. Renewable and 
Sustainable Energy Reviews, 52, 1240-1250. 
2. Chaudry, S., Bahri, P. A., & Moheimani, N. R. (2016). Selection of an 
Energetically More Feasible Route for Hydrocarbon Extraction from Microalgae 
– Milking of B. Braunii as a Case Study. In K. Zdravko & B. Miloš (Eds.), 
Computer Aided Chemical Engineering (Vol. Volume 38, pp. 1545-1550): 
Elsevier. 
3. Chaudry, S., Bahri, P. A., & Moheimani, N. R. (2017). Superstructure 
Optimization and Energetic Feasibility Analysis of Process of Repetitive 
Extraction of Hydrocarbons from Botryococcus Braunii – a Species of 
Microalgae. Computers & Chemical Engineering, 97, 36-46. 
4. Chaudry, S., Bahri, P. A., & Moheimani, N. R. (2018). Techno-Economic 
Analysis of Milking of Botryococcus braunii for Renewable Hydrocarbon 
Production. Algal Research, 31, 194-203. 
5. Chaudry, S., Bahri, P. A., & Moheimani, N. R. Life Cycle Analysis of Renewable 
Hydrocarbon Production from Microalgae. Computers & Chemical Engineering, 
Submitted 
  
vii 
 
Table of Contents 
Section I: Introduction ............................................................................................ 1 
Foreword ....................................................................................................................... 1 
Chapter 1: Literature review................................................................................... 2 
Abstract ......................................................................................................................... 3 
 Introduction ........................................................................................................... 4 
 Conversion of microalgae to fuel .......................................................................... 8 
2.1. Hydrothermal liquefaction ................................................................................ 8 
2.2. Wet extraction ................................................................................................. 10 
2.3. Repetitive milking of Botryococcus braunii ................................................... 10 
2.3.1. Botryococcus braunii .................................................................................. 10 
2.3.2. Non-destructive hydrocarbon extraction ..................................................... 11 
 Comparison of conversion pathways .................................................................. 12 
3.1. Product quality and yield ................................................................................ 12 
3.2. Nutrient recovery ............................................................................................ 20 
3.3. Energy ............................................................................................................. 21 
3.4. GHG emissions ............................................................................................... 30 
3.5. Cost ................................................................................................................. 30 
 Conclusion .......................................................................................................... 35 
References ................................................................................................................... 36 
Research objectives ............................................................................................... 45 
Section II: Methods and analysis ........................................................................... 46 
viii 
 
Foreword ..................................................................................................................... 46 
Chapter 2: Identification of feasible dewatering technologies ............................... 48 
Abstract ....................................................................................................................... 49 
 Introduction ......................................................................................................... 50 
 Dewatering and harvesting of microalgae for the milking process ..................... 51 
 Process modeling and optimization .................................................................... 53 
 Results and discussion ........................................................................................ 56 
 Conclusions ......................................................................................................... 58 
References ................................................................................................................... 58 
Chapter 3: Technology selection and flowsheet formulation ................................. 60 
Abstract ....................................................................................................................... 61 
 Introduction ......................................................................................................... 61 
 Process of oil extraction from microalgae – an introduction to conventional and 
milking method ........................................................................................................... 66 
2.1. Conventional method ...................................................................................... 66 
2.2. Milking (non-destructive extraction) of B. braunii ......................................... 67 
 Superstructure formulation.................................................................................. 69 
3.1. Technology identification and formation of generic superstructure for oil 
extraction from microalgae by conventional method.................................................. 69 
3.2. Technology screening for non-destructive process and modification in generic 
superstructure to formulate the specific superstructure for repetitive milking ........... 70 
 Process modeling ................................................................................................ 73 
 Optimization ........................................................................................................ 81 
ix 
 
 Analysis, results and discussion .......................................................................... 85 
 Conclusion .......................................................................................................... 92 
Appendix A. Supplementary data ............................................................................... 93 
References ................................................................................................................... 93 
Chapter 4: Techno-economic analysis ................................................................... 99 
Abstract ..................................................................................................................... 100 
 Introduction ....................................................................................................... 101 
 Methodology and accuracy of economic estimate ............................................ 103 
2.1. Methodology ................................................................................................. 103 
2.2. Accuracy of economic estimate .................................................................... 105 
 Process and economic modeling ....................................................................... 106 
3.1. Process model description and plant layout .................................................. 106 
3.2. Economic model............................................................................................ 112 
3.2.1. Open ponds ............................................................................................... 113 
3.2.2. Fresh water supply .................................................................................... 113 
3.2.3. CO2 supply ................................................................................................ 114 
3.2.4. Culture pumping ....................................................................................... 115 
3.2.5. Dewatering ................................................................................................ 116 
3.2.6. Extraction and recovery ............................................................................ 117 
3.2.7. Inoculum preparation ................................................................................ 119 
3.2.8. Drying beds ............................................................................................... 119 
3.2.9. Miscellaneous capital cost items ............................................................... 120 
3.2.10. Raw material and utility cost..................................................................... 120 
x 
 
3.2.11. Labor and maintenance ............................................................................. 121 
3.2.12. By product credit ....................................................................................... 122 
3.2.13. Discounted cash flow analysis .................................................................. 123 
 Results and discussion ...................................................................................... 123 
4.1. Base case economics ..................................................................................... 123 
4.2. Sensitivity and scenario analysis ................................................................... 127 
 Conclusion ........................................................................................................ 131 
Acknowledgement..................................................................................................... 132 
Declaration of authors contributions ......................................................................... 132 
Conflicts of Interest ................................................................................................... 132 
Supplementary data ................................................................................................... 133 
References ................................................................................................................. 133 
Chapter 5: Life cycle analysis .............................................................................. 138 
Abstract ..................................................................................................................... 139 
 Introduction ....................................................................................................... 140 
 Methods ............................................................................................................. 143 
2.1. System boundary ........................................................................................... 146 
2.2. Co-product credit .......................................................................................... 148 
2.3. Growth credit ................................................................................................ 149 
2.4. Energy return on investment ......................................................................... 150 
 Results and discussion ...................................................................................... 151 
3.1. GHG emissions ............................................................................................. 151 
3.2. Fossil energy consumption ............................................................................ 155 
xi 
 
3.3. Sensitivity analysis ........................................................................................ 157 
 Conclusion ........................................................................................................ 161 
References ................................................................................................................. 162 
Section III: General Conclusion .......................................................................... 166 
Foreword ................................................................................................................... 166 
Chapter 6: Major outcomes of the project .......................................................... 167 
 Outcomes of Chapter 1...................................................................................... 167 
 Outcomes of Chapter 2...................................................................................... 168 
 Outcomes of Chapter 3...................................................................................... 169 
 Outcomes of Chapter 4...................................................................................... 171 
 Outcomes of Chapter 5...................................................................................... 173 
Chapter 7: Future recommendations .................................................................. 175 
Appendices .......................................................................................................... 178 
Appendix 1: Supplementary data of Chapter 3 ......................................................... 178 
Appendix 2: Supplementary data of Chapter 4 ......................................................... 217 
Appendix 3: Supplementary data of Chapter 5 ......................................................... 229 
Appendix 4: Chapter 1 as published in the journal ................................................... 234 
Appendix 5: Chapter 2 as published in the book ...................................................... 245 
Appendix 6: Chapter 3 as published in the journal ................................................... 251 
Appendix 7: Chapter 4 as published in the journal ................................................... 262 
 
 
xii 
 
Acknowledgement 
“This is by the grace of my Lord”. 
At the end of my doctoral journey, I feel immense pleasure to express my gratitude to 
those who played a great role in achieving this milestone of my career.    
Foremost, I would like to express my gratitude to both of my supervisors Professor Parisa 
A. Bahri and Dr. Navid R. Moheimani for their advice, constant support, and 
encouragement throughout the course of this research. Parisa did not only supervise my 
project, but her commitment towards the research inspired me throughout this journey. 
Without her foresight, I would not have done my thesis the way I did. For me with no 
background in biology, this thesis was not possible without Navid’s any time available 
help.  
I would also like to thank my parents for their prayers, love and guidance throughout my 
life which made me what I am. Finally, special thanks to my beloved husband, Zeeshan, 
for giving me endless support, motivating me for hard work and understanding 
throughout this thesis. 
 
 
  
xiii 
 
 
 
 
 
Dedicated to Eshaal and Shaheer, the biggest blessings of my life. 
 
 
 
1 
 
Section I: Introduction 
Foreword 
This section comprises of literature review chapter which introduces and reviews the 
pathways of algal fuel production and identifies the research gap. Following chapter 1, 
the research objectives have been defined. 
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Pathways of processing of wet microalgae for liquid 
fuel production – a critical review 
Abstract 
Microalgae have tremendous potential for producing liquid renewable fuel. Many 
methods for converting microalgae to biofuel have been proposed; however, an 
economical and energetically feasible route for algal fuel production is yet to be found. 
This paper presents a review on the comparison of the most promising conversion 
pathways of microalgae to liquid fuel: hydrothermal liquefaction (HTL), wet extraction 
and non-destructive extraction. The comparison is based on important assessment 
parameters of product quality and yield, nutrient recovery, GHG emissions, energy and 
the cost associated with the production of fuel from microalgae, in order to better 
understand the pros and cons of each method. It was found that the HTL pathway 
produces more oil than the wet extraction pathway; however, higher concentrations of 
unwanted components are present in the HTL oil produced. Less nutrients (N and P) can 
be recovered in HTL compared to wet extraction. HTL consumes more fossil energy and 
generates higher GHG emissions than wet extraction, while the production cost of fuel 
from HTL pathway is lower than wet extraction pathway. There is considerable 
uncertainty in the comparison of the energy consumption and economics of the HTL 
pathway and the wet extraction pathway due to different scenarios analyzed in the 
assessment studies. To be able to appropriately compare methodologies, the conversion 
methods should be analyzed from growth to upgradation of oil utilizing sufficiently 
similar assumptions and scenarios. Based on the data in available literature, wet oil 
extraction is the more appropriate system for biofuel production than HTL. However, the 
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potential of alternative extraction/conversion technologies, such as, milking, need to be 
further assessed. 
Keywords: Conversion, Hydrothermal liquefaction, Wet extraction, Non-destructive 
extraction, Bioenergy 
 Introduction 
Fossil fuels are the finite resources of fuels produced naturally from the remains of living 
organisms over millions of years. They are used as an energy source and to produce many 
industrial chemicals (for example, paints, polymers, pesticides and pharmaceutical 
products) [1]. Most of world’s energy demands are fulfilled by fossil fuels, including 
electricity generation and fuel for transportation and heating [2]. Global energy demands 
are expected to increase by 35% in the next two decades, due to an increase in population 
and the economic growth of developing countries [3]. To meet rising energy demands, 
the high consumption of fossil fuels is depleting available resources and increasing energy 
prices [4]. Furthermore, a high rate of fossil fuel use is responsible for increasing 
atmospheric CO2, which is a major climate change gas and one of the main causes of 
global warming [5, 6].  
To meet future energy demand without damaging the environment, fossil fuels should be 
replaced with some alternative energy sources that are environmentally friendly and 
sustainable. Solar, wind and geothermal energies are the renewable alternatives for the 
use of fossil fuels for the generation of electricity. Biomass resources can also be utilized 
to generate electricity, and to produce liquid and gaseous renewable fuels (biofuels). 
Biofuels have the potential to reduce carbon emissions and solve some of the problems 
of increasing energy requirements [7, 8].  
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First generation biofuels produced from food crops have limited potential to meet the 
energy crisis due to: a) the use of food crops as feedstock [9-11]; b) the use of arable land 
and the fresh water required for growing food crops [12]; and c) lower energy contents 
and conversion efficiency [13]. Second generation biofuels produced from dedicated 
energy crops (such as, perennial grasses) and wastes [14] do not disturb the food supply 
directly. Most targeted energy crops can also utilize low quality land, which is not suitable 
for food crops [9]. Second generation biofuels have the potential to contribute to solutions 
for problems related to energy; however, they are not sufficient to wholly fulfil rising 
energy demands [10]. Dedicated energy crops for second generation biofuels are facing 
many challenges, such as, high cost, low energy density, and high water and nutrient 
requirements [15], and are still in the research and development stage [9].  
Third generation biofuels, produced from microalgae, are now becoming the focus of 
research as the renewable energy source for the future. Microalgae are single cell 
organisms living in colonies or independently. They are predominantly found in bodies 
of water (fresh and saline), in soil and in symbiosis with other organisms [16]. They are 
mostly photosynthetic, but do not have the typical higher plants structure of roots, stem 
and leaves [16]. Microalgae have tremendous biodiversity and generate over 50% of the 
oxygen on earth [16, 17]. Biochemical composition of microalgae varies depending on 
the species and their growth conditions, such as, light, temperature, pH, salinity and 
nutrients [18]. Major groups of compounds contained by microalgae are carbohydrates, 
proteins, lipids and nucleic acids [19]. The energy contents of algal oil are 80% of the 
average energy contents of fossil fuels [20].  
Microalgae biofuel has gained the attention of researchers for many reasons. Microalgae 
can be grown in brackish, saline, hyper saline, waste and fresh water depending on species 
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[21]. The cultivation of microalgae does not require arable land [22]. As such, they do 
not compete with food crops for land and freshwater, if species with a wide range of 
salinity are used [22]. Due to their unicellular nature, the growth rate of microalgae is 
higher than other crops and their biomass is capable of doubling in 24 hours to 72 hours 
when grown under optimal and suboptimal conditions [23]. Due to this fast growth rate, 
microalgae can be harvested every few days, while the harvesting cycle of traditional 
crops is much longer [7, 8]. Microalgae can also have high oil yield compared to other 
higher plants [20]. Some species of microalgae have an oil production yield 25 times 
higher than that of traditional biofuel crops [10]. Therefore, microalgae have great 
potential to solve some of the energy crisis and environmental issues. 
The microalgal fuel production process follows the growth, harvesting, 
conversion/extraction and upgradation steps [24]. Both liquid and gaseous fuels can be 
produced from microalgae [25]. However, the commercial production of microalgal fuel 
is still in the research and development stage, and no commercial facility is producing 
this yet. Being very energy intensive and expensive are some of the main barriers of the 
commercial production of microalgae biofuel. Many studies have focused on identifying 
the bottlenecks and making the process economical and energetically feasible. Previous 
studies have analyzed different techniques for growth (open ponds, closed photo 
bioreactors and hybrid systems), harvesting (settling, dissolved air flotation, flocculation, 
filtration, centrifugation and drying), and conversion (gasification, pyrolysis, 
fermentation, hydrothermal liquefaction and extraction of oil) for their economic and 
energetic feasibility for use in microalgal fuel production (for example see [26-34]). For 
the growth, open ponds are considered cheaper to produce biomass than closed 
photobioreactors [27, 35]. For the harvesting, drying of the biomass is found to be the 
most energy consuming step in the biofuel production process [13, 36-38], and only wet 
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algae conversion methods are considered energetically positive [13]. For the conversion, 
HTL is considered the most promising method for the liquid fuel production, due to wet 
algae processing and higher oil yield [39].  
The selected conversion method affects the cost and energy requirements of the upstream 
(growth and harvesting) and downstream (upgradation) processes. The main focus of this 
paper is to review the pathways of liquid fuel production from microalgae utilizing 
particular assessment parameters, mainly concentrating on the conversion method. Many 
previous studies on microalgae biofuel production agreed that drying is the most energy 
consuming step [13, 36-38]. Therefore, the processes requiring the drying of microalgae 
before conversion were not selected for this review. In this paper, three technologies that 
produce liquid fuels from the wet microalgae (up to 20% solids) are compared: 
hydrothermal liquefaction (HTL), wet extraction and non-destructive oil extraction 
(milking). To compare the pathways for the production of biofuel from microalgae, the 
important assessment parameters are product quality and yield, nutrient recovery, GHG 
emissions, energy and cost. Cost and energy ratios refer to the economic and energetic 
feasibility of the process. The use of fertilizers affects the cost and energy consumption 
of the process as well as sustainability of the process [22]. One of the main reasons for 
replacing fossil fuels with alternative renewable options is the reduction of greenhouse 
gas (GHG) emissions. As such, this is also another important assessment parameter 
considered in this review. 
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 Conversion of microalgae to fuel 
Table 1 lists the major techniques for converting microalgae to biofuel. Microalgae can 
be converted to biofuel by different methods, such as, thermochemical methods 
(gasification, pyrolysis, hydrothermal liquefaction), biochemical methods (fermentation, 
anaerobic digestion) or the extraction of algal oil and its conversion [24]. Hydrothermal 
liquefaction, wet extraction and milking are the conversion methods that can produce 
liquid fuels from wet microalgae without drying the biomass.  
2.1.  Hydrothermal liquefaction 
Hydrothermal liquefaction is a thermochemical technique in which microalgal biomass 
is converted to fuel at a relatively high temperature (280-370 oC) and pressure (10-25 
MPa) in the presence of water [39]. The products of hydrothermal liquefaction are HTL 
oil, gas, aqueous phase and solid residue [40] (see section 3.1). The major advantage of 
hydrothermal liquefaction is that the biomass does not need to be dried [13]. HTL does 
not necessarily need the higher lipid algae, even lower lipid algae can give higher HTL 
oil yield [39]. The oil produced from HTL cannot be directly used as fuel or processed 
with crude oil in an oil refinery, and instead requires hydrotreatment before mixing with 
raw oil (see section 3.1). Currently, HTL is considered to be the most promising 
technology, but an industrial scale operation faces many technical challenges [39]. 
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Table 1: Main microalgae to biofuel conversion pathways 
Conversion Technique Pre-treatment  Main Product 
Direct combustion Drying Heat 
Gasification Drying Syn gas (H2, CH4, CO2, NH3) 
Low temperature catalytic gasification No Syn gas (H2, CH4, CO2, NH3) 
Pyrolysis Drying, Grinding Bio oil  
Hydrothermal Liquefaction No HTL oil  
Hydrogenation Drying  Oil,  hydrocarbon rich gas 
Fermentation Drying Ethanol 
Dry Extraction Drying, Cell disruption Algal Lipids (TAG, Fatty acids) 
Wet Extraction Cell disruption Algal Lipids (TAG, Fatty acids) 
Milking (Repetitive Extraction ) No Hydrocarbons 
 
 
10 
 
2.2. Wet extraction 
Many microalgae species (for instance, Diatoms) produce oil/lipids more efficiently than 
traditional crops [10]. These lipids can be extracted from microalgae to produce algal oil, 
which can then be converted to biofuel using transesterification or hydrotreatment 
technologies [41]. Conventionally, microalgae is harvested, dried and pre-treated for cell 
disruption and fed to the extraction unit where oil is extracted with some suitable solvent. 
Different cell disruption techniques have been studied, such as, pressure homogenization 
[42], sonication [43], microwave heating [44], autoclaving, osmotic shock, bead beating 
(mechanical cell disruption), lyophilization (by freeze drying) and acid treatment [45]. 
Various solvents have been suggested for lipid extraction, such as, methanol-chloroform 
[46], hexane [42], dimethyl ether [47], supercritical CO2 [48] and switchable solvents 
[49]. Wet extraction is the modification that omits the drying step and extracts the oil 
from wet microalgae. The limitation of the extraction method is that the maximum oil 
yield depends on the oil contents of the microalgae species selected. Therefore, species 
with moderate to high oil yield are considered to be suitable for this method. The process 
involved in the upgradation of extracted algal oil to biodiesel (for instance 
transesterification) is a well-established industrial process [13].  
2.3. Repetitive milking of Botryococcus braunii 
2.3.1. Botryococcus braunii 
Botryococcus braunii is a green microalga, that grows in fresh and brackish water forming 
colonies [50]. Botryococcus braunii has two unique properties: a) it produces long chain 
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hydrocarbons and b) it stores most of the oil containing long chain hydrocarbons in an 
extracellular matrix, outside of the cell walls [50]. This is in contrast to all other 
microalgae, which store lipids inside the cells [51]. Based on the hydrocarbons produced, 
B. braunii is divided into four races A, B, L and S. Alkadienes, alkatrienes, triterpenoids 
and alkanes are types of hydrocarbons produced by different Botryococcus braunii races 
[50-53]. Botryococcus braunii has oil contents ranging from 25% to 75% of dry weight 
biomass [7], which can be hydrocracked to produce gasoline, aviation fuels and diesel 
[54]. Therefore, B. braunii has the potential for biofuel production [50, 52]. 
2.3.2. Non-destructive hydrocarbon extraction 
The non-destructive extraction of lipids or other desirable components from microalgae 
is termed “milking”. Some biocompatible solvents are used to extract the lipids from 
microalgae without damaging them. In various studies, low polarity solvents, such as, 
hexane, heptane and octane have been found suitable for non-destructive hydrocarbon 
extraction from B. braunii [55-59]. Milking can omit the drying and the harvesting step 
if in situ extraction is carried out [60]. It was found that the same biomass of B. braunii, 
after milking, produces a similar amount of hydrocarbons again without the supply of 
extra nutrients [55, 56]. Two methods of repetitive milking of B. braunii hydrocarbons 
have been proposed: solvent based milking and blotting [55, 56]. In solvent based milking 
process, microalgae culture is brought into contact with biocompatible solvent for an 
optimum period of time to achieve good extraction efficiency without affecting the 
microalgae physiological status (for instance photosynthesis). The hydrocarbons can be 
extracted from the same B. braunii culture after every few days many times depending 
on the strains of B. braunii, without providing any extra nutrients. Extracellular 
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hydrocarbons can be released from B. braunii by applying pressure on them. This 
technique is termed ‘blotting’ [55, 56]. Blotting is suitable for the non-destructive 
extraction of hydrocarbons from one strain of B. braunii but not from the other [55, 56]. 
 Comparison of conversion pathways 
Following is the critical review and comparison of the HTL, wet extraction and milking 
pathways, based on product quality and yield, nutrient recovery, GHG emissions, energy 
and cost.  
3.1. Product quality and yield 
Bio-oil is the main product of conversion processes. The oil obtained from the wet 
extraction pathway mainly comprises fatty acids, triglycerides, glycolipids and 
phospholipids [19]. Average elemental composition of wet extracted oil from microalgae 
is shown in Table 2. The nitrogen contents of lipids are very low but the oxygen contents 
are higher than petroleum oil (Table 2). The oil yield depends on the lipid contents of the 
algae. The extracted oil can be converted to fuel using transesterification [13, 41] or 
hydrotreatment [41, 61]. The transesterification and hydrotreatment of extracted lipids 
produce renewable fuel similar to diesel in properties, called biodiesel and renewable 
diesel (or hydrotreated oil) respectively [62].  
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Table 2: Properties of oil obtained from different sources 
Oil Source Oil Yield (%DWA)a Oil Composition (wt % age) HHV (MJ/Kg) Reference 
  C H N O S   
Botryococcus braunii Extracted oil - 86.38 11.96 0.17 1.1 - 49b [69] 
Lipids (Extraction) - 71 11 0.2 16 - 38.3 [19] 
Chlorella (HTL) 35 70.7 8.6 5.9 14.8 - 35.1 [66] 
Nannochloropsis (HTL) 33 68.1 8.8 4.1 18.9 - 34.5 [66] 
Chlorella (HTL) 83 75.6 12 0.3 11.5 - 34.2 [63] 
Nannochloropsis (HTL) 55 74.0 10.2 5.4 9.5 - 31.5 [63] 
Scenedesmus (HTL) 45 72.6 9.0 6.5 10.5 - 35.5 [65] 
Spirulina (HTL) 36 72.2 9.1 8.1 9.2 - 35.8 [65] 
Dunaleilla Tertiolecta (HTL) 33.5 72.1 8.3 6.7 12.9 - 34.0 [88] 
Spirulina Platensis (HTL) 40 73.72 8.90 6.30 10.17 0.9 35.27 [64] 
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Botryococcus braunii (HTL) 52.9 83.3 13.7 0.4 2.6 - 47.5 [89] 
Petroleum Crude Oil NA 82.8 9.9 0.7 5.9 - 41-48 [90] 
a DWA (dry weight of algae). All the HTL oil yields are the maximum reported in the study. The elemental analysis is corresponding to the maximum 
yield. 
b Reference [89] 
NA- not applicable 
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HTL has the advantage of producing more oil, as it converts lipids and other components 
(carbohydrates and proteins) to oil [39, 63]. However, the conversion of compounds other 
than lipids causes an increase in the concentration of nitrogen in the HTL oil [64]. The 
maximum oil yield and the elemental composition of the oil produced from the HTL of 
different microalgae are shown in Table 2. The chemical composition of the HTL oil 
produced varies according to the algal species, such as, algae with high protein contents 
produce HTL oil with high nitrogen contents [64] and the reaction conditions, such as, 
temperature and reaction time (see Table 3) [63, 64]. The major groups of compounds 
reported in the HTL oil are: a) cyclic compounds (cyclic nitrogenates, cyclic oxygenates, 
heterocyclic, aromatics), b) straight and branched hydrocarbons and c) straight and 
branched oxygenates and nitrogenates [63-65]. The average concentration of different 
organic groups in HTL oil is shown in Table 4. Both oil yield and quality vary with the 
composition of microalgae. The HTL outcome so far indicated that high lipid algae give 
high oil yield [63, 66], but with low hydrocarbon contents [63]. On the other hand, high 
protein algae produce oil with high hydrocarbon contents [63], but also with high nitrogen 
contents [63, 65]. The deoxygenation and denitrogenation treatment is required to reduce 
the nitrogen and oxygen concentration, in order to upgrade it into the fuel [63, 65]. The 
use of untreated oil will cause NOx formation, and the presence of nitrogenous 
compounds is poisonous for the catalyst used in the upgradation process in the refinery 
[65, 67]. The large scale conversion of HTL oil to fuel is still to be analyzed. The 
consumption of hydrogen is nearly double for the hydrotreatment of HTL compared to 
microalgae extracted oil [62]. The oil obtained from the hydrotreatment of HTL oil lies 
mostly in the boiling point range of diesel, which can be used as diesel blendstock or 
further processed in an oil refinery to yield high quality fuel [68]. 
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The oil obtained from milking of B. braunii mostly consists of straight chain 
hydrocarbons. Nitrogen and oxygen contents are very low in this oil, presenting no 
considerable problem for the hydrocracking process (see Table 2) [69]. Botryococcus 
braunii hydrocarbons obtained from milking process can be hydrocracked in any oil 
refinery to produce the high quality renewable fuel (see Table 5) [69].  
The oil yield from the hydrotreatment of HTL oil (77%, [68]; 73%, [70]) is relatively 
lower than the oil yield of hydrotreatment of extracted lipids (80%, [32]) or the 
hydrocracking of Botryococcus braunii oil (80%, [69]). One of the reasons is the presence 
of high concentrations of nitrogen and oxygen in HTL oil, which are removed in the form 
of NH3, H2O and CO2 during hydrotreatment, leaving less amounts of hydrocarbon 
behind. Based on the average yields reported, the overall yields of naphtha and diesel 
range fuel are 25%, 33% and 28% for the dry weight of algae from the wet extraction, 
HTL and milking pathways respectively (see Table 6). The theoretical maximum yield 
can be up to 83% for hydrotreatment of HTL oil and extracted oil and 98% for 
hydrocracking of B. braunii hydrocarbons which can increase the upgraded fuel yield up 
to 25%, 37% and 35% from wet extraction, HTL and milking pathways, respectively (see 
Table 6). Despite high lipid contents, B. braunii is not considered suitable for the HTL 
process and the conventional wet extraction process due to its very low productivity. 
However, the milking process can cope with this problem as it does not need to re-grow 
the biomass for each extraction [55, 56]. 
The other products from HTL are gas (23%), aqueous (32%) and solid phase (5%) (an 
average composition based on the dry weight of algae considering 40% oil phase) [39]. 
Solid phase contains inorganic solids that can be mostly filtered from the aqueous phase 
[39]. Gaseous products of HTL comprise mostly CO2, followed by H2 and traces of N2 
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and hydrocarbons [39]. Aqueous phase contains the dissolved organics with a very high 
concentration of oxygen (81%) [64] that can be further treated by catalytic hydrothermal 
gasification (CHG) for nutrient recovery and biogas generation (see section 3.2). The 
extraction pathway produces the lipid extracted algae rich in carbohydrates and protein 
as the by product, which can be treated to recover the energy and nutrients or can be sold 
(see section 3.2). Milking process produces biomass as a byproduct only after a specific 
number of extractions, which is similar to biomass produced after wet extraction.   
Table 3: Effect of operating conditions of HTL on product (extracted from Ref. [64]) 
Reaction temperature, 
(°C) 
Reaction Time 
(min) 
Light Oil Yield 
(%) 
Heavy oil Yield 
(%) 
250 60 0 25 
300 60 15 15 
350 60 25 14 
375 60 20 16 
350 30 21 14 
350 90 27 8 
350 120 27 7 
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Table 4: Major compounds present in HTL oil [63] 
Source Hydrocarbons Organic acids Cyclic oxygenates Branched amides Heterocyclic compounds Others 
Nannochloropsis (HTL) 11 1 38 9 37 4 
Chlorella (HTL) 9 1 35 2 50 3 
All values are average of different conditions. 
 
Table 5: Fuel obtained from different conversion processes 
Source 
Hydrotreated/Hydrocracked oil 
Reference 
Yield Gasoline/ Naphtha Diesel Aviation fuel Residue 
HTL oil 77% 9 85 - 6% [68] 
Extracted oil 80% 2.5 97.5 - - [32] 
Botryococcus braunii oil 80% 67 15 15 3 [69] 
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Table 6: Fuel yield from wet extraction, HTL and milking pathways 
Process Average Oil 
contents 
( %age of 
dry biomass) 
Average oil 
yield 
( %age of dry 
biomass)a 
Reported average product 
yield from hydrotreater 
(%age of oil input) 
Fuel yield (%age 
of dry biomass)b 
Maximum possible oil yield 
from hydrotreater (%age of 
oil input)c 
Maximum possible 
fuel yield (% of dry 
biomass) 
Wet 
Extraction 
35d 31 80g 24.8 83 25 
HTL 35d 45f 77g 32.6 83 37 
Milking 40e 36 80g 28 98 35 
a considering average extraction efficiency of 90% for wet extraction and milking [80, 91-93] 
b calculated from reported average product yield and subtracting the heavier fraction (residue) in product from hydrotreater see table 4  
c calculated on basis of average elemental composition of HTL oil considering removal of all nitrogen and oxygen contents from the oil and ignoring the 
weight of hydrogen added for saturation of C-C bonds 
d The average oil contents for microalgal species [7] 
e Hydrocarbon contents in Botryococcus braunii [37, 52, 94] 
f average HTL oil yield see table 3 
g References [32], [68], [69] 
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3.2. Nutrient recovery 
Nutrient recovery, especially N and P, is an important parameter to achieve the goals of 
high energetic feasibility and less GHG emissions of microalgae bioenergy production 
process [37]. In the HTL pathway, nitrogen present in algal biomass distributes in oil 
(30%) and aqueous phases (70%) mainly at reaction conditions [71]. The nitrogen present 
in aqueous phase can be recovered by direct recycling of the aqueous phase or after 
treatment by CHG. Direct recycling needs very high dilution of aqueous phase with water 
(up to 400 times) before reusing the nutrients for algae growth to decrease the 
concentration of unwanted compounds, such as, fatty acids, phenols and nickel, which 
inhibit the growth [72]. Anaerobic digestion is not suitable for treatment of aqueous phase 
obtained after HTL due to high nitrogen contents, which affect the activity of 
microorganisms [73]. Consumption of nitrogen fertilizer for HTL pathway is 5 times 
higher than the lipid extraction pathway if 95% of the nitrogen present in aqueous phase 
is recovered by CHG and the nitrogen associated with HTL oil is not recovered [62]. The 
recovery of nitrogen from HTL oil needs the hydrotreatment of HTL oil, which converts 
nitrogen, present in aqueous phase, to ammonia, which can be recycled [68]. The 
hydrotreatment unit needs to be co-located with the overall facility to recycle the nutrients 
present in HTL oil, adding a significant amount (30% to the total capital of conversion 
step) to the capital cost of HTL process [74]. Furthermore, the use of recycled nitrogen 
from the effluent of the hydrotreatment process for the growth of algae has not been 
experimentally verified yet. If phosphorus is considered to be split between the filtered 
solids and aqueous phase and 90% of the phosphorus present in aqueous phase is 
recovered, the phosphorus consumption is 1.5 times higher for the HTL pathway than the 
wet lipid extraction pathway [62]. However, experimental verification is required to 
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examine the distribution of phosphorus in aqueous and solid phases obtained after HTL, 
its recovery from solids and reuse for growth of algae. 
Lipid extracted algae (the spent biomass produced after wet lipid extraction) can be 
treated by anaerobic digestion [20, 22, 32] if C/N is appropriate or CHG to produce bio 
gas and recycle nutrients [75], or hydrothermal liquefaction to increase the liquid fuel 
production [76, 77]. Alternatively, it can be sold as livestock feed ingredients [78] or as 
a source of pigments and carotenoids chemicals to be used in pharmaceutical, 
neutraceutical and cosmoceutical products [41], to generate the credit for the fuel 
production cost. 
In a non-destructive oil extraction process the whole culture can be milked for a certain 
period of time. Non-destructive extraction will extract extra cellular hydrocarbons. 
Nutrients are not required to recover from the biomass present in the aqueous phase. 
Instead the whole microalgae culture can be recycled back to the process, which needs no 
extra nutrients to reproduce the hydrocarbons for the duration of milking [55, 56]. 
Notably, at the end of milking, when cells are no longer feasible, the left over biomass 
can be treated the same as the left over biomass after wet extraction. 
3.3. Energy 
The overall energy consumption of the process is dependent on many factors, such as: a) 
the selection of technologies for individual steps (growth, harvesting, conversion process, 
upgradation process, spent biomass treatment process); b) the integration of processes 
and their dependence on each other; c) the assumptions for the input parameters, such as, 
productivity, lipid contents and yield and nutrient recovery; and d) the boundary of the 
system defined for the analysis. The scenarios studied previously differ from each other 
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in terms of input assumptions (see Table 7), technology selection and system boundaries 
(see Fig. 1). Notably due to these differences, the results of these scenarios cannot be 
compared. For the current review, only those studies were selected that used open ponds 
or hybrid cultivation systems for the growth phase (Table 7). 
The energy consumption ratios estimated for HTL process by different studies are shown 
in Table 7. Several studies [65, 66, 79] have estimated energy consumption ratios for HTL 
step only (scenario b in Fig. 1). These present good estimates for the energy consumption 
of the individual step (HTL) but do not provide a picture of the whole process. These 
studies did not consider the upstream energy requirement for growth and harvesting, the 
integration of the HTL process with the downstream energy recovery process (CHG) and 
the energy requirements for the upgradation process. The estimated energy consumption 
ratio of 0.14 considered all of the downstream processes, such as, hydrotreatment of oil 
and CHG of solid phase [74]. However, it did not include the energy consumption for the 
growth and harvesting phases, which are the major energy consuming steps of the process 
[37, 80, 81]. Furthermore, a 95% and 90% recovery of nitrogen and phosphorous was 
assumed, which is very optimistic and did not consider the recovery process of 
phosphorus from the solid phase. Two studies calculated the energy consumption ratios 
for the whole process as 0.50 [77] and 0.41 [62]. In the former study, the solid phase 
produced after HTL was considered for heat generation and aqueous phase was recycled 
back to the process after dilution for nutrient recovery [77]. A major portion of the 
organics left after HTL, which can be used to produce onsite energy, lies in the dissolved 
form in the aqueous phase not in the solid phase [71] which is only 5% of the original 
biomass fed to the HTL [39]. Also, in this study, the nutrients recycled through the 
aqueous phase were assumed to be very low (10% nitrogen and 30% phosphorous) [77], 
compared to other studies that considered nutrient recovery as high as 90%. A further 
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study estimated the well to well energy consumption ratio of 0.41 [62], which provides a 
broader picture of the HTL process. This study considered all stages from growth to the 
upgradation of fuel; however, the upgradation (hydrotreatment) stage included the energy 
associated with hydrogen, but ignored the other parameters (the electricity and heat for 
the process, the catalyst and its regeneration). Based on the analysis so far, the energy 
consumption ratio of the process of microalgal fuel production via the HTL pathway is 
more likely to lie between 0.41-0.50 [62, 65, 66, 74, 77, 79]. 
The energy consumption ratios estimated for the wet extraction pathway are also shown 
in Table 7. Three studies calculated the energy consumption ratios based on the energy 
requirements for the production of oil extracted from microalgae, but did not consider the 
upgradation of algal oil to fuel [34, 37, 61]. A life cycle study calculated the energy 
consumption ratio of 0.75 for the production of algal biodiesel [36]. This estimation 
considered the energy contents of lipid extracted algae but did not consider any treatment 
(CHG or AD) for recovery of this energy [36]. Furthermore, no recycled nutrients have 
been considered in this analysis, which significantly affects the energy consumption of 
the whole process. Three studies calculated the energy requirements for the whole process 
from the growth phase to the conversion of lipids to fuel (see scenario f in Fig. 1) by the 
wet extraction pathway [62, 80, 82]. From these studies, the highest energy consumption 
ratio was 0.73, which considered supercritical gasification for recovery of energy from 
spent biomass [82]. Nutrient recovery was only 15% in this analysis [82], which is very 
low to achieve the energetically positive scenario. A further study estimated the energy 
ratio of 0.55 for the whole process considering anaerobic digestion for the spent biomass, 
which assumed 76% N and 50% P recovery [80]. In another study, the calculated the 
energy consumption ratio was 0.30 [62] which differs from previous research study [80] 
in the growth phase assumptions and the replacement of anaerobic digestion with CHG. 
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In comparing the lipid extraction pathway and the HTL pathway, only those studies that 
analyzed the same system boundary, the same technologies for upstream cultivation and 
harvesting steps, and similar input assumptions could be considered. Two studies that 
analyzed the process of algal fuel production by the extraction pathway [61] and the HTL 
pathway [77] utilized the same technologies for growth (combination of open ponds and 
raceways), harvesting and upgrading (hydrotreatment). According to these studies [61, 
77], the net energy consumption ratio of the HTL pathway (0.5) [77] is higher than lipid 
extraction pathway (0.47) [61, 77]. These studies considered the same hydrogen 
consumption and energy requirement for the hydrotreatment of raw oil obtained from 
these two pathways which can vary significantly due to the differences in their 
composition [67]. Another study compared the two pathways and utilized the same 
technologies for the growth and harvesting of algae, treatment of left over biomass (CHG) 
and upgradation of oil to fuel by hydrotreatment [62]. This also assumed an oil yield 
<25% for lipid extraction pathway (based on 25% lipid contents) and 50% for HTL 
pathway which are relatively sound assumptions, based on the analysis of the studies that 
HTL produces higher oil yield than lipid extraction [39]. This study shows that HTL and 
lipid extraction vary considerably in the total energy and total fossil energy requirements 
[62]. The total energy requirement (including fossil energy and renewable energy 
produced from the spent biomass during the process) from well to well is higher for the 
lipid extraction pathway than the HTL pathway. However, the total fossil energy 
requirement (other than petroleum for transport) is higher for the HTL pathway [62]. This 
is because in the lipid extraction pathway, more biomass is available for the generation 
of energy for the process, thus reducing its dependence on fossil energy despite higher 
total energy consumption [62]. HTL pathway becomes more fossil energy dependent as 
the oil yield increases [62]. In this study, when considering the energy requirement for 
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the conversion process only, it has also been found that HTL consumes less energy than 
lipid extraction as cell disruption consumes a lot of energy in the form of electricity in the 
lipid extraction pathway [62]. However, when considering the whole process, the total 
fossil energy consumption for the HTL pathway is higher than the extraction pathway due 
to high fertilizer consumption, high hydrogen consumption for hydrotreatment and less 
amount of left over biomass available for CHG [62]. This study [62] considered the 
energy requirement associated with hydrogen required in the upgradation process, but 
overlooked the other energy requirements in the upgradation process (such as, catalyst 
regeneration and reaction conditions), which may be different for HTL oil and extracted 
oil due to the differences in their nitrogen and oxygen contents, and the nature of inherent 
compounds. The complication of the hydrotreatment process for HTL oil, due to high 
nitrogen concentration [67, 83], is an important aspect which has been ignored in these 
comparative studies [62, 77]. However, despite ignoring this important aspect, both of 
these studies agreed that fossil energy consumption is higher in the HTL pathway than 
the wet extraction pathway [62, 77]. As such, it can be concluded that in spite of higher 
oil yield, the HTL pathway has no advantage over the lipid extraction pathway when 
considering the fossil energy requirement of the whole process from algal growth to 
upgraded fuel. Higher oil contents produced increase the fossil energy consumption in 
the process for both the HTL [62] pathway and the lipid extraction pathways [37].  
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Table 7: Assessment studies for wet extraction and HTL pathways 
Pathway Strain Oil yield 
(Wt % of 
dry algae) 
Productivity 
(g/m2day) 
 
Lipid 
Contents 
% DWA 
Nutrient 
recovery process 
Final product 
(Upgradation 
technique) 
ECR GHG emissions* 
(KgCO2eq/ 
MMBTU)a 
Scenario 
analyzed 
shown in Fig. 1 
Reference 
LE - 43 25 50 AD Lipids 0.68 33 E [37] 
LE CV <25 15 25 Not considered Lipids 0.37 - D [34] 
LE - 21 25 25 CHG Fuel 
(Hydrotreatment) 
0.3 21.5 F [62] 
LE - - 25 (OP) 
1.3Kg/m3.day 
(PBR) 
35 AD Fuel 
(Hydrotreatment) 
0.47 23.76 F [61] 
LE - 21 25 25 AD Fuel 
(Transesterification) 
0.55 55.4 F [80] 
LE - 22.5 25 25 AD Fuel 
(Hydrotreatment) 
NM - F [32] 
LE CV 41 10.5 43 
(Low N) 
SCWG Fuel 
(Hydrotreatment) 
0.73 - F [82] 
LE CV 27 - 38.5 
(Low N ) 
No recycle Fuel 
(Transesterification) 
0.75 - A [36] 
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AD= Anaerobic Digestion 
CHG= Catalytic hydrothermal gasificatin 
SCWG= Super critical water gasification 
ECR= energy consumption ratio, (energy input/ energy in fuel produced) 
WTW= Well to wheel 
aGHG emissions are well to wheel. 
Sc=Scendesmus, DSc= Defatted scendesmus, SP= Spirulina, Ch= Chlorella, CV= Chlorella vulgaris NC= Nanochloropsis
HTL - 51 30 50 CHG Fuel 
(Hydrotreatment) 
0.14 - C [74] 
HTL - 38 25 25  
CHG 
Fuel 
(Hydrotreatment) 
0.4 31 F [62] 
HTL - 40 25 (OP) 
1.3Kg/m3.day 
(PBR) 
35 Direct recycle Fuel 
(Hydrotreatment) 
0.50 
 
 
25.6 
 
F [77] 
HTL 
 
Sc 
Sp 
DSc 
45 
31 
36 
-  - HTL oil 0.44 
0.63 
0.55 
- B [65] 
HTL Sp 40.7 -  - HTL oil 0.7 - B [79] 
HTL 
 
Ch 
NC 
Sp 
35 
35 
30 
-  - HTL oil 0.8 
1.2 
1.0 
- B [66] 
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B.  braunii milking is a solvent extraction process similar to wet extraction. However, it 
differs from the conventional extraction process in that the solvents used are 
biocompatible with the microalgae and do not affect its photosynthesis. Due to this non-
destructive extraction, B. braunii can be reused to produce hydrocarbons. The milking 
pathway is expected to be less energy consuming than the wet extraction pathway due to 
three major factors: a) no cell disruption is required prior to extraction, which is highly 
energy consuming step in the lipid extraction pathway; b) no treatment is required for the 
recycling of nutrients; and c) the raw oil (hydrocarbon) can be processed with crude fossil 
oil without any extra treatment. Furthermore, the milking pathway will have less water 
loss due to the recycling of the whole culture and the lower energy requirement for the 
water supply for growth [84]. However, in the milking process, left over biomass is not 
available in each cycle to produce gases to generate heat or electricity. In conventional 
wet extraction, the treatment of left over biomass by anaerobic digestion or CHG serves 
two purposes: a) the recovery of nutrients; and b) the production of gaseous fuel (mainly 
CH4) to generate heat and electricity. In the milking process, the whole microalgae culture 
is recycled back, which produces the hydrocarbons again without any extra supply of 
nutrients and omits the requirement for a nutrient recovery process [55, 56]. The left over 
biomass after a specific number of repetitions for extraction of hydrocarbons can be used 
to generate electricity or can be sold to produce credit for the production cost.  
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Fig. 1: Scenarios (a, b, c, d, e, f) analyzed in assessment studies for algal fuel production. 
They are different from each other in system boundary, downstream processes and 
utilization of by-products of the process.  
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3.4. GHG emissions 
Comparative studies reveal that GHG emissions are higher for the HTL process than the 
wet lipid extraction process (see Table 7) [61, 62, 77]. The higher use of hydrogen for the 
upgradation process and more fertilizer (due to less nutrient recovery) are responsible for 
higher GHG emissions in the HTL pathway [62]. The milking process has the potential 
for significantly less GHG emissions than wet extraction due to less fertilizer required for 
the growth phase and less hydrogen required for the upgradation of the hydrocarbons 
produced. However, the use of natural gas for heat required for solvent recovery, can add 
the GHG emissions if the process is not integrated with the heat recovery unit in some 
other processes.  
3.5. Cost  
Production cost estimation, similar to energy estimation, is very much dependent on the 
pathway, technology selection, input assumptions and final product. Many studies are 
available on the cost estimation of production of fuel from microalgae. The production 
cost of fuel from microalgae has been estimated as low as $0.36/lit [27] and as high as 
$194/lit [31]. In different studies, uncertainty and variation in production cost exists due 
to the different economic input assumptions (internal rate of return, payback period), 
different growth phase input assumptions (productivity, lipid contents, source for CO2 
supply, nutrient recycle) and different technology selections for growth (open ponds, 
closed photobioreactors or hybrid system) and extraction (dry or wet). In a harmonization 
study, the production cost of algal fuel was estimated as $3.23/lit, which was based on 
20g/m2 day productivity and 25% lipid contents [85]. A sensitivity analysis showed that 
doubling the productivity and lipid contents (40g/m2 day and 50%) can reduce the cost to 
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$1.1/lit [85]. In addition, the techno-economic studies revealed that the capital cost of the 
process is very high [32, 86]. More than 50% is added to the total production cost by 
capital return [32, 61, 87]. A reduction in process steps such as combining the extraction 
and conversion steps (simultaneous oil extraction and transesterification) [87], reducing 
the harvesting requirement [61], and the use of low capital cost technology, such as, open 
ponds instead of closed photobioreactors [32, 61], significantly reduces the production 
cost. 
Many studies are available for the cost estimation of fuel produced by the extraction 
pathway, but only a few studies have estimated the production cost of fuel from the HTL 
pathway. For the comparison, the studies that were selected to review the extraction 
pathway considered the open ponds or hybrid system for growth and wet extraction (see 
Table 8). The minimum cost by the extraction pathway has been reported as $0.36/lit [27], 
which was based on very optimistic assumptions for the productivity (60g/m2.day) and 
lipid contents (50%). Also this study did not consider the upgradation of algal oil to fuel 
[27]. The highest cost has been estimated as $16.08/lit, which is based on very low 
productivity (9.38g/m2.day) and lipid contents (15%) [33].  
In a techno-economic study of the HTL pathway, the minimum selling price of fuel was 
estimated to be $1.26/lit for a 2022 scenario [74]. In this study, the cost of harvested algae 
(20% solids) was estimated to be $430/ton of dry algae, and assumed the productivity and 
lipid contents of 30g/m2.day and 50% respectively. The recycled nutrients were 
considered to be more than 90 %. All of these assumptions are quite optimistic. In two 
other studies, the production cost of the fuel was calculated to be $3.1/lit for the HTL 
pathway [77] and $3.4/lit for the wet extraction pathway [61]. Both of these studies 
assumed the hybrid system for the growth of algae, giving a relatively higher production 
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cost than the open pond system. They concluded that the production cost is reduced for 
HTL pathway due to high oil yield. These studies considered the same material and 
energy requirements, giving the same operating cost per unit mass of raw oil and the same 
capital cost for the downstream hydrotreatment step for oil obtained from HTL and lipid 
extraction pathways, which may differ significantly for the two pathways due to the 
differences in composition. The hydrotreatment of HTL oil is more complicated due to 
very high nitrogen concentration, which was ignored in this analysis. 
There is considerable uncertainty regarding economic feasibility of each pathway, as well 
as in the comparison of the cost of the two pathways. Growth and dewatering of 
microalgae is associated with very high cost. From the point of view of the authors, the 
HTL pathway is unlikely to be cost effective, as the high capital cost of the HTL reactor 
(40% of total capital cost of the downstream conversion process [74]), onsite treatment 
requirement of HTL oil [62] and complexity of the downstream process make it more 
capital intensive. In the future, the careful analysis of similar economic input 
assumptions, the growth phase assumptions and more realistic assumptions for the 
downstream process will provide better comparison of the economics of the pathways.
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Table 8: Cost evaluation studies for wet extraction and HTL pathways 
Pathway Growth 
technology 
Productivity 
g/m2.day 
Lipid 
Contents % 
Final product Cost 
$/lit 
Cost adjusted to 2014 Reference 
Extraction OP 30 
60 
50 Alga oil 0.35 
0.24 
0.53 
0.36 
[27] 
Extraction OP 9.38 15 Algal oil 14.5 16.08 [33] 
Extraction OP 28 35 Biodiesel 1.49 1.63 [19] 
Extraction OP 23 40 Algal oil 6.75 7.14 [31] 
Extraction OP 20 25 Algal oil 3.05 3.23 [85] 
Extraction OP 25 25 Hydrotreated oil 2.6 2.75 [32] 
Extraction Hybrid 25 (OP) 
(1.3 Kg/m3.day, PBR) 
35 Hydrotreated oil 3.35 3.47 [61] 
Extraction OP 17.5a 40 a Biodiesel 2.39a 2.44 a [95] 
Extraction OP 15 25 Algal oil 3.6 3.6 [34] 
HTL Hybrid 25 (OP) 
(1.3Kg/m3.day, PBR) 
40b Hydrotreated oil 3.1 3.17 [77] 
HTL OP 30 51b Hydrotreated oil 1.26 1.33 [74] 
Currency conversion rate, 1$=0.79€ 
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Cost adjusted to 2014 using usinflationcalculator.com 
aAverage values of two cases 
bHTL oil yield 
Biodiesel refers to oil upgraded by transesterification 
Algal oil refers to untreated extracted oil 
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The milking pathway eliminates the treatment of spent biomass and the requirement for 
onsite treatment of the oil resulting in significant reduction of the process capital cost. 
However, no assessment study is available on milking. In the future, a techno-economic 
study on the milking process and its comparison with HTL and wet extraction will help 
to decide the more feasible pathway for the production of liquid fuel from microalgae. 
 Conclusion 
The higher oil yield in the HTL pathway should not be interpreted as providing lower 
production cost or lower energy consumption. HTL produces higher oil yield, but with 
high nitrogen concentration increasing the downstream process requirements. Fossil 
energy consumption decreases with the increase in HTL oil yield, but simultaneously 
increases with the decrease in yield of spent biomass, which is utilised to produce on-site 
energy. The onsite treatment of the HTL oil can improve the energy ratio of the process 
by recovering the nutrients, but also adds significant capital cost. Oil yield in the HTL 
pathway is higher than the lipid extraction pathway; however, the wet extraction pathway 
results in more useable left over biomass (to produce bio-methane or animal feed). If the 
left over biomass is used to produce energy (bio-methane), the lipid extraction pathway 
will be less dependent on fossil energy resulting less GHG emissions compared to the 
HTL pathway. Due to the higher oil yield, HTL results in the reduction of the production 
cost per unit of the oil produced compared to wet extraction. However, great caution 
should be taken when considering the HTL pathway due to its high capital cost of reactor, 
complexity of the conversion and hydrotreatment processes, increased use of catalysts 
and higher fertilizer requirements. Overall, based on current peer reviewed research, the 
wet extraction of oil seems to be a better extraction method due to less fossil energy 
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consumption and cleaner fuel production. Further careful analysis must be performed for 
these two extraction/conversion pathways considering the process from the growth of 
algae to upgraded fuel or oil under the treatment conditions acceptable in a petroleum 
refinery in order to have a realistic comparison of the two pathways. Also, the newly 
proposed process of the repetitive milking of hydrocarbons should be considered in 
techno-economic and life cycle assessment studies in the future. 
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Research objectives 
The literature review chapter highlighted the potential benefits of milking of 
Botryococcus braunii as a pathway for renewable fuel production in terms of product 
quality and yield, and nutrient recovery. It also highlighted that no study has been 
conducted previously to determine the technical and environmental aspects of the milking 
process.  
The objectives of this thesis are, therefore, proposed as follows; 
 to design the milking process for the renewable hydrocarbon production on 
commercial scale, 
 to conduct the techno-economic analysis of the milking process to determine its 
economic feasibility, 
 to conduct the GHG-emission analysis of the milking process to determine its 
environmental impacts, and 
 to identify the future research and development needs for the algae based refinery 
producing green hydrocarbons instead of fossils. 
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Section II: Methods and analysis 
Foreword 
This section comprises of a number of chapters on the analysis of milking process for the 
commercial-scale production of B. braunii hydrocarbons. Process design and analysis 
comprise of many stages, including flowsheet formulation, process modeling (mass and 
energy balances), equipment sizing and costing, estimation of capital and operating costs 
and profitability analysis. Chapter 2 to Chapter 4 of this section follow the hierarchy of 
the techno-economic analysis as described below and Chapter 5 provides the 
environmental assessment of the milking process by conducting the life cycle analysis of 
the process designed in Chapter 4.  
Chapter 2 and Chapter 3 are related to the first step of the hierarchy of techno-economic 
analysis methodology adopted in this study. The milking of microalgae comprises of 
many stages. Each stage of the process has multiple technology options. The selection of 
the most suitable technologies has been conducted in two steps. 
1) Identification of feasible dewatering technologies (presented in Chapter 2) 
2) Selection of suitable technology combinations (flowsheet formulation) based on 
energetic feasibility (presented in Chapter 3) 
As dewatering is considered the most energy consuming step of the process, the 
dewatering technologies are screened first in Chapter 2. The technology options for other 
stages of the process and the combinations of the technologies have been discussed in 
Chapter 3. For each of the technologies, selected for the analysis, the process models were 
developed to identify the suitable options based on the selection criteria. The introduction 
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to the technologies and the process models have been presented in the supplementary data 
of Chapter 3, presented under Appendix 1. The methods of Chapter 2 and Chapter 3 are 
similar, and are based on a new strategy to solve the superstructure optimization problem 
formulated for the optimum flowsheet selection that has been explained in detail in 
Chapter 3. Initially the process models were developed in Aspen Custom Modeler (ACM) 
which is not capable of solving the mixed integer nonlinear programming (MINLP) – a 
mathematical formulation resulted from the superstructure optimization problem. It was 
preferred to keep the ACM as the modeling and the computational tool, therefore, a new 
strategy was developed by setting the discrete variables and solving the resulting 
nonlinear programming (explained in detail in Chapter 3) to solve the superstructure 
optimization problem in ACM.  
Chapter 4 presents the techno-economic analysis of the final flowsheet selected on the 
basis of the work done in Chapter 3, performing all the steps of the hierarchy after the 
flowsheet formulation. The cost data is presented in the supplementary data of Chapter 4, 
presented under Appendix 2. 
Chapter 5 presents the life cycle analysis of the process of milking of microalgae. The 
life cycle analysis data is presented in supplementary data of Chapter 5, presented under 
Appendix 3. 
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Chapter 2: Identification of feasible dewatering 
technologies 
This chapter is published as “Selection of an Energetically More Feasible Route for 
Hydrocarbon Extraction from Microalgae – Milking of B. braunii as a Case Study” in 
Computer Aided Chemical Engineering Vol. 38, a book series of proceedings of 
European Symposium on Computer Aided Process Engineering. 
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Selection of an Energetically More Feasible Route for 
Hydrocarbon Extraction from Microalgae – Milking of 
B. braunii as a Case Study 
Abstract 
The high energy consumption is one of the major constraints of sustainable production of 
fuel from microalgae. Dewatering and harvesting of microalgae are the most energy 
consuming steps in algal fuel production process.  The selection of the technology for the 
dewatering or bypassing the dewatering stage will not only affect the energy consumption 
of this stage but also that of the downstream extraction process along with the oil yield. 
The optimum route is a bargain between the energy consumption and the yield of the 
process which ultimately define the net energy gain of the process. Superstructure 
optimization provides a framework for identifying the optimum process routes in process 
design. However, solving the superstructure for optimum solution poses a complicated 
problem especially in custom modeling environment suitable for non-traditional 
processes such as processing of microalgae. A systematic methodology has been 
developed to select the optimum route from the superstructure modelled in Aspen Custom 
Modeler. 
As a case study, the developed methodology has been applied on the process of repeated 
non-destructive production of hydrocarbons (milking) from a specific species of 
microalgae - Botryococcus braunii. Milking of B. braunii for the production of algal 
hydrocarbons has the potential of producing energetically feasible fuel from microalgae 
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due to efficient use of algal biomass. However, the selection of the suitable technologies 
and their combination (route) is a critical factor for determining the applicability and 
feasibility of this process. In this study, the suitable technologies and optimum route have 
been identified for the milking of B. braunii process using the methodology developed. 
Keywords: Superstructure, Optimization, Biofuel, Microalgae, Milking 
 Introduction 
The rising energy demand and the increasing global warming due to the use of fossils are 
urging the need of renewable resources of fuel. Microalgae are the potential source for 
producing clean fuel using sunlight, CO2, water and fertilizer. The production of fuel from 
microalgae comprises of 4 main stages; 1) growth of microalgae, 2) dewatering and 
harvesting, 3) oil extraction and solvent recovery, and 4) conversion of oil to fuel (Boruff 
et al. 2015). However, the production of fuel from microalgae is too energy consuming 
process to be feasible commercially (Chaudry et al. 2015a). Growth of microalgae, 
dewatering and harvesting are the dominating energy consuming steps of the process 
(Quinn et al. 2014). Moreover, the selection of the harvesting method does not only affect 
the energy consumption of the harvesting stage but also considerably changes the energy 
consumption of the downstream solvent extraction and recovery processes as well as the 
efficiency of the extraction stage. 
Milking of the microalgae is the non-destructive extraction of oil from microalgae. B. 
braunii is a unique microalga that produces external hydrocarbons which can be 
repeatedly extracted (Moheimani et al. 2013a). Milking of B. braunii has two major 
benefits; firstly, it omits the requirement of growing microalgae after each extraction and 
secondly, it reduces the dewatering requirement for the recycle of the culture medium as 
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the whole culture containing algal biomass is recycled back (Chaudry et al. 2015a). 
Energy consumption for the growth of microalgae and hydrocarbon production in the 
milking process is less than that for the conventional process (Chaudry et al. 2015b). 
However, the feasibility of the whole process of fuel production from microalgae using 
the milking method is still to be determined. For that, the process has to be designed for 
the non-destructive extraction of hydrocarbons from microalgae and conduct its 
feasibility analysis.  
Custom modeling is the best option for designing the non-conventional processes. A 
systematic methodology for superstructure optimization problem was defined for finding 
the optimum route which can be solved in custom modeling environment (Aspen Custom 
Modeler). Using the process model and optimization strategy developed, energetically 
feasible routes for the hydrocarbon production from microalgae via the milking process, 
focusing on different methods of dewatering of microalgae, have been identified in this 
study. 
 Dewatering and harvesting of microalgae for the milking process 
Many methods have been reported for the dewatering and harvesting of microalgae, such 
as, filtration, centrifugation, dissolved air flotation, electro floatation and flocculation (bio 
flocculation, chemical flocculation and pH induced flocculation) (Milledge and Heaven 
2013), but no dewatering technology has actually been tested for non-destructive milking. 
Therefore, for the milking process, the dewatering and harvesting technologies were 
screened based on the biological characteristics of B. braunii (forming large colonies and 
self-floating ability). The following parameters were used as the screening criteria for 
selecting the potentially suitable methods for non-destructive dewatering and harvesting. 
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 Minimum/ no contamination of harvesting materials/chemicals 
 Minimum/ no mechanical destruction  
Centrifugation is considered as the more effective dewatering method for most of the 
microalgal species than filtration due to very low cell size causing difficulties for filtration 
(Molina Grima et al. 2003). However, for microalgal species with larger cell size, 
filtration is a more suitable method (Milledge and Heaven 2013). Due to the colonial 
structure of B. braunii, filtration may be the more suitable option for B. braunii 
dewatering used in milking process. However, filtration technologies involving high 
pressure or vacuum may destruct the algal colonies.  
Due to low operational cost, flocculation is considered as one of the most accepted 
methods for conventional microalgae dewatering. However, this method may not be a 
suitable for B. braunii dewatering when the aim is not to damage the cells. Flocculation 
involves the external chemicals (chemical flocculation) or the bio-organisms (bio 
flocculation) to induce the flocculation (Milledge and Heaven 2013). The contact of 
chemicals with the B. braunii will harm the cell viability and no or incomplete separation 
of these chemicals from the culture after harvesting will lead to accumulation of them in 
the recycled media. Similarly, bio flocculation will lead to bio contamination in the 
culture which is not favorable for the process. Adjustment of pH of the culture also causes 
flocculation (pH induced flocculation), however, it is an unreliable method and can cause 
algal death (Milledge and Heaven 2013). Moreover, as the average particle size of B. 
braunii (due to colonies) is higher than other algal species, flocculation is not necessarily 
required.  
Dissolved air flotation is also usually combined with chemical flocculation and is one of 
the most energy consuming methods of harvesting, so, it has not been considered here. 
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Again, the ability of at least some strains of B. braunii in self-floating eliminates the 
requirement of the air flotation step. Also, the technologies reported in the literature with 
very high energy consumption such as, decanter bowl centrifuge (energy consumption of 
8 kWh/m3) or poor reliability such as, hydro cyclones (Molina Grima et al. 2003) are not 
considered in this analysis. The technologies considered for dewatering of B. braunii for 
milking process in this study, the input assumptions of final concentration achieved after 
harvesting, and the energy consumption for these technologies are shown in Table 1.  
Table 1: Technologies considered for harvesting of B. braunii for milking process 
Technology Final 
Concentration 
(% DW/V) 
Energy 
Consumption 
(kWh/m3) 
Reference 
Self-cleaning disk stack 
centrifuge (SCDC) 
12 1 (Molina Grima et 
al. 2003) 
Nozzle discharge 
centrifuge (NDC) 
2* 0.9 (Molina Grima et 
al. 2003) 
Cylindrical sieve rotator 
filter (CSRF) 
7.5 0.3 (Molina Grima et 
al. 2003) 
Belt filter press (BFP) 18 0.5 (Molina Grima et 
al. 2003) 
Electro flotation (EF) 5 5 (Shelef et al. 
1984) 
Vibratory screen filter 
(VSF) 
6 0.4 (Milledge and 
Heaven 2013) 
*for pre-concentration 
 Process modeling and optimization 
The process was modelled in Aspen Custom Modeler V8.4 based on material and energy 
balance equations. For the milking process, after the extraction, the whole culture was 
recycled back to the process for 10 times of repetition of hydrocarbon extraction. The 
splitter (Sp1) and mixers (Mx1 and Mx2) were introduced before and after the harvesting 
stage to add different routes of the process as shown in Fig. 1. The total flow before the 
 
54 
 
harvesting stage was split into 7 fractions (X1, X2, X3…and X7), one for each harvesting 
system and one for no harvesting route. 
 
Fig. 1: Superstructure for milking of microalgae focusing on dewatering options 
 
The objective function for the optimization problem was defined as follows; 
 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 =  𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝑡ℎ𝑒 𝑁𝑒𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 𝐺𝑎𝑖𝑛 (1) 
The constraints of the optimization problem were as follows; 
 𝑋1 + 𝑋2 + 𝑋3 + ⋯ + 𝑋7 = 1 (2) 
and  
  0 ≤ (𝑋1, 𝑋2, 𝑋3, … , 𝑋7) ≤ 1  
 
(3) 
The net energy gain was defined as the difference of the energy output to the total energy 
input in the process. 
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Repetitive extraction is a new concept. The technology has never been assessed even on 
pilot scale. The model is mainly based on assumptions from the literature best suited to 
the milking process, as well as discussions among the authors. The assumptions for the 
open ponds (both growth ponds and recycled culture ponds) are similar as in our previous 
study (Chaudry et al. 2015b). No heat integration was considered for the solvent recovery 
system. The biomass recovery and the culture losses in the harvesting stage were 
considered to be 90 % and 20 %, respectively. The efficiency of the extraction stage is 
dependent upon many factors such as water contents of the culture, amount of solvent 
used and extraction mechanism itself. The laboratory scale data on milking of microalgae 
shows 30 % extraction efficiency with 1/5 solvent culture ratio (Moheimani et al. 2013b). 
The efficiency of in situ extraction of B. braunii using dispersion mechanism has been 
reported 50 % with 1/10 solvent/culture ratio (Zhang et al. 2013). The assessment study 
on wet extraction of other microalgal species considers the extraction efficiency of 90 % 
from disrupted cells (Frank et al. 2013). In this study, for the efficiency of hydrocarbon 
extraction, the culture concentration was classified into 3 groups; 1) low (concentration 
< 1 %), 2) medium concentration (1-10 %) and 3) high concentration (> 10 %) with 30 
%, 50 % and 70 % extraction efficiency respectively, keeping in mind that no heavy 
mechanical agitation or cell disruption would be involved. However, sensitivity analysis 
was also performed around this parameter to assess its effect on optimum route selection. 
As mentioned earlier, the analysis is based on the assumptions. Instead of concluding only 
1 harvesting option, 1st, 2nd and 3rd options have also been found in this study. These 
options were found by removing the previous optimum route from the list of decision 
variables for each next optimization run.  
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 Results and discussion 
The results of the optimization are shown in Table 2. CSRF was found to be the optimum 
route for solvent/culture ratio of 1/5 with all harvesting efficiencies (30 %, 50% and 70 
%) as well as with the different efficiencies for high, medium and low concentrations. 
With solvent/culture ratio of 1/10, the optimum route was found to be the same. However, 
with solvent/culture ratio of 1/1, BFP was found to be the optimum route for different 
efficiencies for high, medium and low concentrations as well as with the 50 % and 70 % 
extraction efficiency for all options. Moreover, with the assumption of 30 % extraction 
efficiency for all the options and 1/1 solvent/culture ratio, no option was found to be 
energetically positive. Also, BFP may not be suitable for the non-destructive process, due 
to high pressure used in the filtration. Therefore, other options have also been analyzed 
for 1/1 solvent/culture ratio scenario. The 2nd, 3rd and 4th options for 1/1 solvent culture 
ratio and different efficiencies for high, medium and low concentrations, were CSRF, 
VSF and SCDC, respectively, all with positive values of objective function (net energy 
gain). However, NDC, EFlot and no harvesting routes have negative net energy gain in 
this case.  NDC can be used for final concentration in combination with some pre-
concentration step, which has not been analyzed in this study.  Also, if the auto flotation 
ability of B. braunii is considered, it may lead to more positive routes. Moreover, 
integration of the solvent recovery system with the heat recovery system can result into 
different optimum routes. 
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Table 2: Optimization and sensitivity analysis 
*see Table 1 for the abbreviations  
Solvent/Culture Ratio Extraction efficiency Optimum Route* Net Energy Gain 
Effect of solvent/culture ratio on optimum route 
1/1 70 %, 50 % and 30 % for high, medium and low concentration 
respectively 
BFP Positive 
1/10 Same as above CSRF Positive 
1/5 Same as above CSRF Positive 
Effect of extraction efficiency on optimum route for 1/5 solvent/culture ratio 
1/5 70 % for all CSRF Positive 
1/5 50 % for all CSRF Positive 
1/5 30 % for all CSRF Positive 
Effect of extraction efficiency on optimum route for 1/1 solvent/culture ratio 
1/1 70 % for all BFP Positive 
1/1 50 % for all BFP Positive 
1/1 30 % for all BFP Negative 
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 Conclusions 
A systematic methodology has been developed in this study to identify the energetically 
optimum route for milking of microalgae focusing on dewatering stage and conducting 
the sensitivity analysis for optimum routes. The results show that changing the 
assumptions for the downstream process also changes the optimum route. Also, the 
milking process is energetically positive for CSRF, BFP, SCDC and VSF for most of the 
combinations of solvent/culture ratio and extraction efficiency except for one case (1/1 
solvent/culture ratio and 30% extraction efficiency). To assess the overall process 
economics, analysis of comprehensive superstructure of the process including alternatives 
for upstream growth and hydrocarbon production stages and downstream extraction and 
recovery stages are necessary. Also, the practical investigation of the technologies for 
non-destructive processing of B. braunii is required to proof the concept. 
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Superstructure optimization and energetic feasibility 
analysis of process of repetitive extraction of 
hydrocarbons from Botryococcus braunii - a species of 
microalgae 
Abstract 
Microalgae are potential resources for producing renewable fuel; however, the process of 
fuel production from microalgae is itself highly energy consuming and not commercially 
feasible, yet. Repetitive non-destructive extraction, also called repetitive milking, is a 
novel method for production of hydrocarbons from Botryococcus braunii - a species of 
microalgae. In this study, superstructure optimization technique is used to analyze the 
energetic feasibility of the repetitive milking process and to find the suitable technology 
options for each stage involved. The repetitive milking process is found to be 
energetically positive with an average net energy ratio of two for the optimum route. Open 
pond, cylindrical sieve rotator filter and nanofiltration were found to be the optimum 
technologies for growth and hydrocarbon production, dewatering and solvent recovery 
stages, respectively. Belt filter press and vibratory screen filter for dewatering and 
distillation for solvent recovery are also found to be energetically feasible technologies. 
Keywords: Biofuel, Milking, Superstructure optimization, Microalgae 
 Introduction 
Earth climate is warming mainly due to human activities. The major cause of current 
global warming trend is the increasing atmospheric CO2 concentration, which has been 
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raised by nearly 16 % in the last three decades (Tans & Keeling, 2016). Use of fossil fuel 
and deforestation are the major factors responsible for increasing CO2 concentration 
(Salam & Noguchi, 2005). It is required to develop the renewable resources of fuel, but 
without causing the deforestation. Microalgae are one of those potential resources. 
Microalgae are photosynthetic organisms which consume CO2 and some nutrients 
(mainly nitrogen and phosphorus) and produce O2. They grow in fresh water, sea water, 
brackish lakes and even waste water, depending upon the species of microalgae. They 
can be grown on non-arable land, hence, do not need agricultural land or deforestation in 
contrast to food crop feedstock for biofuel production (Borowitzka & Moheimani, 
2013b). Furthermore, considering that they are grown in enclosed systems and media can 
be recycled, there is significantly less fertilizers wastage compared to the conventional 
agriculture. 
Microalgae consist of carbohydrates, proteins, nucleic acids and lipids (oils) (Williams & 
Laurens, 2010). Lipids produced by microalgae are highly rich in energy and can be 
extracted and converted to biofuel (Chisti, 2007). There are many methods for converting 
microalgae to biofuel, such as, transesterification of microalgal oil and direct conversion 
of biomass (i.e. gasification, pyrolysis, hydrothermal liquefaction, fermentation and 
anaerobic digestion). These methods produce products of different composition and 
quality (Amin, 2009). Many microalgal species are rich in oil contents, for example, 
Botryococcus braunii can have oil contents up to 75 % (by weight), which can be 
extracted and then converted/upgraded to high quality liquid biofuel (e.g. jet fuel or diesel 
fuel) (Banerjee et al., 2002). The conventional oil extraction process from microalgae 
involves biological and chemical processes, such as the growth of microalgae, harvesting 
and dewatering, cell disruption and oil extraction (Pragya et al., 2013; Silva et al., 2014). 
All of these steps especially harvesting and dewatering are highly energy consuming 
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making the current biofuel production process from microalgae unfeasible at commercial 
scale (Sander & Murthy, 2010). 
Botryococcus braunii is a unique species of microalgae. They live in colonies and produce 
extra cellular hydrocarbons, which is in contrast to the other algal species capable of 
producing only intracellular lipids (Weiss et al., 2012). Different strains of B. braunii 
produce different types of hydrocarbons such as alkadienes, alkatrienes, triterpenoids and 
alkanes (Hirose et al., 2013; Kawachi et al., 2012; Metzger & Largeau, 2005). Among the 
unique characteristics of B. braunii is not only producing extracellular hydrocarbons, 
which circumvents the need to lyse the cells to recover their oil, but also the ability to 
reproduce the hydrocarbons after non-destructive extraction (Moheimani et al., 2013a; 
Moheimani et al., 2013b). Non-destructive extraction – called milking, is a process in 
which extracellular hydrocarbons are extracted without killing or damaging the B. braunii 
cells and colonies (Frenz et al., 1989a; Frenz et al., 1989b; Moheimani et al., 2013a; 
Moheimani et al., 2013b). After the non-destructive extraction of hydrocarbons, B. 
braunii produce the similar amount of hydrocarbons when kept under growth conditions 
without needing extra fertilizer, and the extraction process can be repeated several times. 
The B. braunii hydrocarbons can be processed in a refinery to produce gasoline, kerosene, 
and diesel (Hillen et al., 1982). This unique characteristic of B. braunii makes it a 
potential resource for producing renewable hydrocarbons (Ashokkumar & Rengasamy, 
2012; Chaudry et al., 2015a, 2015b; Moheimani et al., 2013b). However, commercial 
production of hydrocarbons by B. braunii has not been achieved due to economic and 
technical barriers (Ashokkumar & Rengasamy, 2012). The thriving of other green algal 
and cyanobacterial species due to the relatively slow growth of B. braunii is the major 
technical challenge in economical large scale production of B. braunii (Ioki et al., 2012). 
However, herbicide assisted cultivation of B. braunii has been achieved for the prevention 
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of algal contamination (Ioki et al., 2012). Milking of B. braunii is different from the 
conventional process of oil extraction from microalgae in a way that milking process 
utilizes the same microalgae culture for repeated production of hydrocarbons while 
conventional process requires freshly grown microalgae for each extraction. Therefore, 
all the technologies involved in milking process should be non-destructive for B. braunii 
so that they can be recycled back to the process to reproduce the hydrocarbons. From the 
various available technologies for each step of the oil extraction process from microalgae, 
the selection of the suitable technologies for the non-destructive operation as well as the 
optimum combination of the technologies are the crucial parameters for the feasible 
milking process design.  
In process synthesis, there are two major strategies to determine the optimal configuration 
of a flowsheet and its operating conditions; sequential optimization and simultaneous 
optimization. Sequential optimization begins with a base case design and then uses 
heuristic rules to determine changes in the flowsheet that may lead to an improved 
solution. This technique is relatively simple to implement; however, it can lead to sub-
optimal configuration due to the sequential nature of the decisions and the heuristic rules. 
Superstructure optimization is a strategy based on simultaneous optimization using 
mathematical programming to simultaneously evaluate the performance of all alternatives 
to find the optimal flowsheet configuration and the operating conditions (Yeomans & 
Grossmann, 1999). It can be substantially used to provide initial process configuration 
from a number of promising alternatives (Gong & You, 2016). Superstructure 
optimization is performed in three stages: 1) a flowsheet superstructure is constructed 
which incorporates all the possible technology options and their interconnections, 2) the 
mathematical programs are developed to represent the process, superstructure and the 
related optimization problem, and 3) the optimization problem is solved to find the 
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optimal flowsheet configuration and the operating conditions (Grossmann et al., 1999). 
The mathematical program to define the optimization problem is also formulated using: 
1) the objective function, 2) the decision variables and 3) the optimization constraints. 
The optimization problem aims at determining the values of the decision variables that 
maximize or minimize the objective function while ensuring that the model operates 
within the limits enforced by the constraints. The performance equations of the system 
such as mass balances, energy balances and design equations and the specifications of the 
process conditions define the constraints for the optimization problems. The decision 
variables can be continuous or integer. For process condition optimization, the decision 
variables are continuous variables. For flowsheet configuration, integer variables are 
introduced for the selection of the equipment and routes which lead to mixed integer 
programming (Grossmann et al., 1999).   
This study aims to select the optimal flowsheet configuration to maximize the net energy 
gain of the milking process using superstructure optimization approach. The strategy was 
developed to solve the superstructure optimization problem for flowsheet configuration, 
without the use of mixed integer programming. As our previous study showed that the 
change in input assumptions to the model can lead to a different optimum route (Chaudry 
et al., 2016), the sensitivity analysis coupled with optimization has also been performed 
for observing the effect of assumptions on optimal flowsheet selection. As none of the 
technologies has been tested for the non-destructive operation, the routes other than the 
one identified as optimum route, have also been analyzed for their energetic feasibility 
and the technologies are ranked in order of their energetic feasibility for the milking 
process using the superstructure optimization strategy.  
 
 
66 
 
The superstructure optimization coupled with the sensitivity analysis for the repetitive 
milking process with the objective function of net energy gain has not only given the 
energetically optimum route of the process but also a clearer picture to define the path for 
further investigations in the project. The energetically positive routes in this study should 
be further analyzed for the economics of the process and the technologies involved should 
be experimentally investigated for the non-destructive extraction process. 
 Process of oil extraction from microalgae – an introduction to 
conventional and milking method 
2.1. Conventional method 
The process of oil extraction from microalgae comprises of 4 main stages; 1) growth of 
microalgae, 2) harvesting and dewatering of microalgae, 3) pre-treatment and oil 
extraction, and 4) recovery of solvent, as shown in Fig. 1. The brief introduction of each 
stage of the process and the technologies used for it can be found in Section 1 in 
supplementary data.  
 
Fig. 1: Conventional process of oil extraction from microalgae 
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2.2. Milking (non-destructive extraction) of B. braunii  
Botryococcus braunii is a green microalga, grows in fresh and brackish water forming 
colonies. B. braunii has two unique properties; 1) it produces long chain hydrocarbons 
and 2) it stores most of the hydrocarbons in the extracellular matrix, outside of the cell 
walls in contrast to all other microalgae which produce lipids and store them inside the 
cells (Hirose et al., 2013). Alkadienes, alkatrienes, triterpenoids (also known as 
botryococcenes) and alkanes are types of hydrocarbons produced by different races of B. 
braunii (Hirose et al., 2013; Metzger & Largeau, 2005; Weiss et al., 2012). Hydrocarbons 
are the major constituents of B. braunii oil and can be as high as 61 % of dry weight 
biomass (Mata et al., 2010).  
These hydrocarbons can be extracted without killing the micro cells and damaging the 
colonies using the biocompatible solvents (Frenz et al., 1989a; Frenz et al., 1989b). This 
non-destructive process of oil extraction (extraction of oil without killing the microalgae 
and damaging its colonies), is called milking. Non polar solvents such as alkanes (hexane 
and heptane) have been found to be biocompatible with B. braunii (Frenz et al., 1989a).  
In the recent studies, it has been observed that after the milking/ non-destructive 
extraction of external hydrocarbons with heptane as the solvent, B. braunii can repeatedly 
produce the same amount of hydrocarbons if kept under the growth conditions, without 
any extra nutrients supply (Moheimani et al., 2013a; Moheimani et al., 2013b). Non-
destructive extraction (milking) can be performed in two ways; 1) biocompatible solvent 
extraction and 2) blotting (Moheimani et al., 2013a; Moheimani et al., 2013b). In the 
solvent based milking process, microalgae culture is brought into contact with some 
biocompatible solvent for an optimum period of time to achieve good extraction 
efficiency without affecting the photosynthesis of the microalgae. N-heptane was found 
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to have no significant negative effect on photosynthesis of B. braunii for a contact time 
of 20 min. The process of extraction can be repeated after every few days up to many 
times depending upon the strains of B. braunii without providing any extra nutrients and 
CO2. B. braunii BOT-22 (Race B) can be milked after every 11 days up to 6 times in CO2 
limited atmosphere and after every five days up to 15 times with 1% CO2 supply to the 
culture, without extra supply of nutrients in both cases (Moheimani et al., 2013b). 
In blotting, extracellular hydrocarbons are released from B. braunii by applying slight 
pressure on them. Blotting (at 215 – 875 Pa) continued for less than 3 hours for B. braunii 
CCAP-807/2 can extract the hydrocarbons without permanent cellular and colony damage 
and the blotting process can be repeated after six days to extract more oil from microalgae 
(Moheimani et al., 2013a). However, the overall hydrocarbon yield is lower in repeated 
blotting as compared to the solvent based milking (Moheimani et al., 2013a). Also, in the 
case of B. braunii BOT-22, pressure damages the colonies of microalgae and they do not 
recover after blotting (Moheimani et al., 2013b). The process of repetitive non-destructive 
extraction of hydrocarbons is shown in Fig. 2. 
  
 
Fig. 2: Process of repetitive non-destructive extraction of hydrocarbons from B. braunii 
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 Superstructure formulation  
As mentioned earlier in the text, the selection of the suitable technologies is the crucial 
parameter for the feasible milking process design. A superstructure has been formulated 
to incorporate all the possible technology options for each step of the process. The steps 
followed in superstructure flowsheet formulation were as follows.  
 Technology identification and formation of generic superstructure for oil 
extraction from microalgae by the conventional method 
 Technology screening for non-destructive process and modification in generic 
superstructure to formulate the specific superstructure for repetitive milking  
3.1. Technology identification and formation of generic 
superstructure for oil extraction from microalgae by conventional 
method 
Technologies were identified for each step involved in growth and processing of 
microalgae for microalgal oil production as discussed above. A generic superstructure 
was formulated using the technology options identified. Among the various types of 
equipment available for well-established technologies, such as, filtration and 
centrifugation, that equipment were selected for which data was available for processing 
of microalgae and the operation was considered reliable. This generic superstructure 
shown in Fig. 3, gives 528 possible routes for extracting oil from microalgae.  
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Fig. 3: Generic superstructure for oil extraction from microalgae 
3.2. Technology screening for non-destructive process and 
modification in generic superstructure to formulate the specific 
superstructure for repetitive milking 
Cell viability is the key characteristic of the milking process which distinguishes it from 
the conventional process. In milking, the viability of B. braunii cells and their colonies 
are preserved during the extraction process so that they can reproduce the hydrocarbons. 
Any unit operations or processes involved which can destruct the microalgal cells or the 
colonies are not suitable for this process as compared to the conventional process which 
disrupts the cell wall for the oil extraction. It does not omit the cell disruption step only, 
but also limits the use of the harvesting and extraction technologies which can damage 
the B. braunii cells and/or colonies. Moreover, as mentioned earlier, in repetitive milking, 
microalgae culture is recycled back to the process where it is provided with the growth 
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conditions (CO2, sunlight, but no nutrients) to reproduce the hydrocarbons in contrast to 
the conventional method which requires growing new microalgae for each extraction. 
Therefore, in the repetitive milking process, an extra stage similar to the growth stage is 
required to provide the growth conditions to the recycled culture to reproduce the 
hydrocarbons.  
 Keeping these features of milking process in mind, the generic superstructure for the 
conventional method of oil extraction was modified to the superstructure for non-
destructive extraction of external hydrocarbons from B. braunii. The technology 
screening and modification for non-destructive extraction (milking) process were 
performed as follows: 
 An extra stage similar to the growth stage was added before the dewatering stage 
for the hydrocarbon production from the recycled culture and was named as 
hydrocarbon (HC) production stage.  
 Closed PBR is not considered suitable for biofuel production, yet, due to very high 
capital cost and energy consumption for culture mixing and cooling (Zittelli et al., 
2013). Flat plate PBR is considered to be less energy consuming than tubular 
reactor (Sierra et al., 2008), hence, was considered for the analysis in this study.  
 Biofilm photobioreactor provides a route for the repetitive milking very different 
from the other conventional and repetitive milking methods, For example, no 
separate equipment for hydrocarbon production and dewatering are required when 
biofilms are considered for growth. Moreover, biofilm PBR is a relatively novel 
concept and not much reliable data is available for commercial use of biofilm 
PBR; hence, not considered for the analysis in this study. However, if B. braunii 
 
72 
 
can be grown successfully on biofilm, this can be potentially a suitable option for 
the milking process. 
 As mentioned earlier, the key characteristic of the operations involved is to be 
non-destructive for microalgae. The harvesting technologies which can 
mechanically damage the colonies (e.g., dissolved air flotation) or can cause the 
contamination of external chemicals/biological matter in the recycled culture 
(e.g., bio-flocculation and chemical flocculation) were omitted. The auto 
flocculation method may affect the cell wall and cell composition (due to the stress 
for microalgae created by changes in culture conditions, such as pH) (González-
Fernández & Ballesteros, 2013), hence, may not be a suitable method for the 
milking process.  
  The technologies of primary dewatering which are usually used in combination 
with the technologies in secondary dewatering stage were omitted by the criteria 
mentioned above; hence, the primary and secondary dewatering stages were 
merged together. 
 Non-destructive extraction can be carried out using bio compatible solvents only 
(Frenz et al., 1989b). Any oil extraction method involving cell damage (cell 
disruption techniques, mechanical extraction or drying) or non-bio compatible 
solvents are not suitable for the milking process. The blotting (mechanical 
extraction by applying pressure on microalgae) is suitable for non-destructive 
extraction of one strain of B. braunii but not for the others (Moheimani et al., 
2013b). Moreover, this method has overall less hydrocarbon productivity (low 
yield and less number of repetitions of extraction) than solvent extraction method 
(Moheimani et al., 2013b), so this option was also omitted. 
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The superstructure generated for milking of B. braunii resulted in 56 possible routes (see 
Fig. 4). 
 
Fig. 4: Superstructure flowsheet for milking of B. braunii for the production of 
hydrocarbons 
 Process modeling 
The process was modelled in equation oriented modeling tool, Aspen Custom Modeler V 
8.4 for processing microalgae culture volume of 7.15e + 07 m3 /year (at downstream of 
growth and HC production stages) for hydrocarbon extraction. A base case was developed 
with the assumptions listed in Table 1 and Table 2 for material and energy balances, 
respectively. The growth stage (flat plate PBR and open ponds) was modelled based on 
the previous studies (Cheng-Wu et al., 2001; Lundquist et al., 2010). Paddle wheel mixed 
raceways are the most common type of open ponds, used for growth of microalgae at 
commercial scale (Borowitzka & Moheimani, 2013a). The design of ponds was based on 
Lundquist et al.’s work, considering 40000 m2 pond with 24 h mixing (14 h at high speed 
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(0.25 m/s) and 10 h at low speed (0.20 m/s)) (Lundquist et al., 2010).  Vertical plate 
reactors were considered for flat plate PBR with each of 2 m3 volume as demonstrated in 
Cheng Wu et al.’s work (Cheng-Wu et al., 2001). The distance between the plate reactors 
was considered 1 m to minimize the mutual shading based on a study observing that less 
distance (< 0.5 m) between the plates can significantly reduce the productivity (Zhang et 
al., 1999). Culture mixing in PBR was considered with air aeration enriched with 1.5% 
CO2 (Cheng-Wu et al., 2001). Temperature control was considered with evaporative 
cooling sprinkler water system. The energy consumption for sprinkler water system was 
based on previous studies (Cheng-Wu et al., 2001; Tredici et al., 1998) and online 
information tools for sprinklers used in irrigation system ("Irrigation calculators," ; 
"Irrigation Tutorials,"). 
In the milking process, continuous growth of microalgae is not required as it repeatedly 
utilizes the same microalgae culture for oil extraction in contrast to the conventional 
process which utilizes fresh microalgae for each extraction. The milking process requires 
the fresh microalgae culture after a specific number of extractions when recycled 
microalgae are not able to produce more hydrocarbons. Therefore, a batch operation was 
considered for the growth stage with the batch time of 10 days, giving an average of 10 
repetitions of hydrocarbon extraction from each of five batches of culture (this will be 
explained further in the paper) recycled to the hydrocarbon production stage. Percentage 
harvesting of the growth pond and growth PBR were determined using the productivity 
and batch time to prepare the feed. As there is no data available in the literature on the 
productivity of B. braunii in flat plate PBR, it was assumed that B. braunii has the same 
areal productivity (based on illuminated surface area) in open ponds and flat plate PBR 
as observed for Nannochloropsis in a previous study (Richmond & Cheng-Wu, 2001). 
CO2 was considered to be available on site from a nearby power plant. Nutrients were 
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considered to be supplied to the culture with water. The only energy considered for the 
nutrients was the indirect energy associated with the production of fertilizers. 
B. braunii is a fresh water alga. Fresh water was assumed for culture makeup water for 
evaporation and harvest losses. Makeup for the cooling system in case of flat plate PBR 
was also considered fresh water to avoid corrosion in the system. The indirect energy 
associated with the electricity was not considered in this study. 
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Table 1: Major base case assumptions for material balance 
Parameter Value Reference 
Growth and hydrocarbon production stages   
Productivity Open pond 9 g/m2 day (J. Zhang, 2014) 
Productivity Flat plate PBR (based on illuminated surface area) 9 g/m2 day * 
Concentration OP 0.5 g/lit (Raes et al., 2014) 
Concentration Flat Plate PBR 4 g/lit (Qiang et al., 1997) 
HC contents of B. Braunii (by dry weight) 40 %  (Metzger & Largeau, 2005) 
Avg. no of extractions from each batch of culture 10 (Moheimani et al., 2013b) 
Rate of evaporation 0.3 cm/day (Davis et al., 2011) 
Dewatering stage  
Final concentration of culture after dewatering 
  
Self-cleaning disk stack centrifuge (SCDC) 12 % DW/V (Molina Grima et al., 2003) 
Nozzle discharge centrifuge (NDC) 2 % DW/V (Molina Grima et al., 2003) 
Cylindrical sieve rotator filter (CSRF) 7.5 % DW/V (Molina Grima et al., 2003) 
Belt filter press (BFP) 18 % DW/V (Molina Grima et al., 2003) 
Vibratory screen filter (VSF) 6 % DW/V (Milledge & Heaven, 2013) 
Electro flotation (EFlot) 5 % DW/V (Shelef et al., 1984) 
Extraction and recovery stages   
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Solvent/culture ratio 1/10 * 
HC extraction efficiency 50 %  * 
*Refer to the text for details 
 
Table 2: Major base case assumptions for energy balance 
Energy requirement parameter Value Reference 
Growth and hydrocarbon production stages 
Open Pond (OP) 
 
 
Paddle wheel mixing 48 kWh /ha day (Frank et al., 2011) 
CO2 transfer to ponds 0.021 kWh/kg (Frank et al., 2011) 
Flat plate PBR (2000 lit reactor)*   
Mixing + gas transfer (Air blower) 0.9 kW (Cheng-Wu et al., 2001) 
Sprinkler water pumping 0.022 kW  
Cooling tower 0.7 kW (Cheng-Wu et al., 2001) 
Culture and water pumping   
Fresh water supply from the source 0.123 kWh/m3 (Davis et al., 2011) 
Harvest and recycle culture pumping 0.025 kWh/m3 (Davis et al., 2011) 
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Dewatering stage   
Self-cleaning disk stack centrifuge (SCDC) 1 kWh /m3 (Molina Grima et al., 2003) 
Nozzle discharge centrifuge (NDC) 0.9 kWh/m3 (Molina Grima et al., 2003) 
Cylindrical sieve rotator filter (CSRF) 0.3 kWh/m3 (Molina Grima et al., 2003) 
Belt filter press (BFP) 0.5 kWh/m3 (Molina Grima et al., 2003) 
Vibratory screen filter (VSF) 0.4 kWh/m3 (Milledge & Heaven, 2013) 
Electro-floatation (EF) 5 kWh/m3 (Shelef et al., 1984) 
Extraction and recovery stages    
Energy savings by the use of nanofiltration (NF) in combination with 
distillation (Dist) 
50 % (Rama et al., 1996) 
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The hydrocarbon production stage was modelled similar to the growth stage (i.e. 40000 
m2 pond with 24 h mixing (14 h at high speed (0.25 m/s) and 10 h at low speed (0.20 
m/s))). After the growth of microalgae and hydrocarbon extraction, the whole culture was 
recycled back to the hydrocarbon production stage. Due to the ability of B. braunii for 
producing hydrocarbons after five days of extraction, the hydrocarbon production stage 
was considered having the batch time of five days to keep the recycled microalgae under 
the same conditions as in the growth stage for repeated production of hydrocarbons. For 
continuous downstream extraction process, five sets of hydrocarbon production systems 
were considered, one providing the feed each day. Both growth and hydrocarbon systems 
were considered of the same type (either open ponds or flat plate PBR) to avoid the 
difference in culture concentrations which can lead to extra energy consumption to 
maintain the recycled culture condition according to the type of hydrocarbon production 
system if different from the growth system. This condition was achieved by the 
conditional equations in the models. Therefore, overall 28 routes from the superstructure 
(Fig. 4) were analyzed rather than 56.  
Single stage dewatering was considered with 20% harvest losses (Borowitzka & 
Moheimani, 2013b). After dewatering microalgae, the culture medium was recycled back 
to the hydrocarbon production stage and wet microalgae (or microalgae culture in case of 
no dewatering) were passed to the downstream extraction stage. Being biocompatible 
with B. braunii, as mentioned earlier in the text, heptane was considered as the solvent 
for extraction. The major energy consumption in the extraction stage in the conventional 
system is associated with the cell disruption. As there is no cell disruption and heavy 
mechanical agitation involved in non-destructive extraction, the energy consumption for 
this stage was considered negligible. (The culture pumping energy was calculated 
separately). In the case of conventional wet extraction, the extraction efficiency is 
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considered as high as 95 % (Frank et al., 2011). The extraction efficiency depends on 
many factors including the water contents associated with biomass, solvent/culture and 
solvent/biomass ratio and the pre-treatment for extraction. In case of non-destructive 
extraction, no pre-treatment will be involved after dewatering and the mixing will be 
gentle (most probably phase dispersion); hence, the efficiency would be lower. In a 
previous study, the efficiency of non-destructive in situ extraction of B. braunii by 
membrane dispersion has been reported as 50 % (F. Zhang et al., 2013). In the initial 
study on non-destructive extraction, the extraction efficiency from the filtered microalgae 
has been reported up to 70 % (Frenz et al., 1989b). Therefore, the extraction efficiency 
for the base case in this study was considered to be 50 % with solvent/culture ratio of 
1/10. No data is available on the efficiency of hydrocarbon extraction versus the culture 
concentration. To perform the sensitivity analysis on this parameter, the culture 
concentration was divided into 3 groups; low (<1 %), medium (1-10 %) and high (>10%) 
with extraction efficiencies 30, 50 and 70 %, respectively. 
For the separation of solvent from the extracted B. braunii hydrocarbons, single stage 
flash distillation was considered. The boiling point of B. braunii HC is very high as 
compared to the solvent (Hillen et al., 1982). The energy consumption for the solvent 
recovery stage was considered to be the energy required to vaporize the solvent (latent 
heat of heptane). The indirect energy associated with makeup solvent was not considered. 
As mentioned earlier, nanofiltration has never been tested for the separation of solvent 
from the algal oil. The assumption for the energy consumption for using nanofiltration 
for solvent recovery was based on the previous study stating that nanofiltration can save 
50 % energy compared to the conventional evaporation system for solvent separation 
(Rama et al., 1996). Also, the process was analyzed for the energetic feasibility with 
distillation as the solvent recovery system, if nanofiltration proves to be unworkable for 
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the system. (The detailed process models can be seen in Section 2 and 3 in supplementary 
data).  
 Optimization  
The focus of this study was to find the energetically optimum route from the possible 
combinations of technologies and to analyze the different routes for their energetic 
feasibility for the repetitive milking process. These aims were achieved by the 
superstructure optimization. The objective function of the optimization problem was 
defined as to maximize the net energy gain of the process as below. 
 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = 𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 (𝑁𝑒𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑔𝑎𝑖𝑛) (1) 
The net energy gain was defined as; 
 𝑁𝑒𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑔𝑎𝑖𝑛 = 𝐻𝐻𝑉𝐻𝐶  −  ∑ 𝐸𝑖𝑛𝑝𝑢𝑡,𝑗 
(2) 
Where HHVHC is the higher heating value of extracted hydrocarbons and Σ Einput,j  
represents  the sum of all the energy inputs to the process. The positive value of net energy 
gain indicates the energetically feasible process. 
In the superstructure optimization, the selection of the technology is usually introduced 
by integer variables which lead to mixed integer programming, which is another 
complicated task. We used a different strategy to solve the superstructure optimization. 
We introduced the splitters (S1, S2, S3 and S4) and mixers (M1, M2, M3, M4, M5) (see 
Fig. 5) before and after each stage having multiple technology options to distribute the 
flow of main process stream among all the options and to combine outlet of all options to 
pass to the next stage/splitter as a single stream, respectively.  The splitters were modelled 
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to split the total flow rate into the number of fractions (X1, X2, … and Xn) equal to the 
technology options in the next stage. The variable X was defined as the mass fraction 
having lower and upper bounds of 0 and 1, respectively. The overall material balance for 
each splitter and the equation for the flow rate of their outlet streams each going towards 
one technology option for the next stage are shown in the equations below; 
 
𝐹𝑖𝑛𝑝𝑢𝑡 = ∑  𝐹𝑖
𝑛
𝑖=1
       𝑛 = 𝑁𝑜.  𝑜𝑓 𝑜𝑢𝑡𝑙𝑒𝑡 𝑠𝑡𝑟𝑒𝑎𝑚𝑠 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑠𝑝𝑙𝑖𝑡𝑡𝑒𝑟 (3) 
 
 𝐹𝑖 = 𝑋𝑖. 𝐹𝑖𝑛𝑝𝑢𝑡                                                 𝑖 = 1,2,… ,𝑛 (4) 
 The composition of each outlet stream from the splitter was the same as that of the inlet 
stream. 
The fractions (X) from three of the splitters were introduced as the decision variables in 
the optimization problem, subject to the following constraints. 
 𝑋1,𝑠1 + 𝑋2,𝑠1 + ⋯ + 𝑋7,𝑠1 = 1 (5) 
 𝑋1,𝑠2 + 𝑋2,𝑠2 = 1 (6) 
 𝑋1,𝑠3 + 𝑋2,𝑠3 = 1 (7) 
 
and  
 0 ≤ (𝑋1,𝑠1 , 𝑋2,𝑠1 , … 𝑋7,𝑠1) ≤ 1 (8) 
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 0 ≤ (𝑋1,𝑠2 , 𝑋2,𝑠2 ) ≤ 1 (9) 
 0 ≤ (𝑋1,𝑠3 , 𝑋2,𝑠3 ) ≤ 1 (10) 
It should be noted that in order to consider the same options for the growth and the milking 
stages, fractions from only one of the splitters (S3) before these stages were kept as the 
decision variables, while the other splitter (S4) was forced to choose the same technology 
option by conditional equations in the model. 
The optimization problem was posed as a constrained non-linear programming problem 
and was solved using VF13 optimizer which is a Successive Quadratic Programming 
Algorithm (SQP) within Aspen Custom Modeler V8.4. 
Incorporating a splitter before the technology options for each stage in the process and 
splitting the flows into the fractions with these fractions as the decision variables, resulted 
in the optimum route selection. The optimizer converged to the value of 1 for one of the 
decision variables (X) of each splitter and 0 for all others. The route with X=1 was the 
optimum route.  No specific method was adapted to obtain the global optimality. 
However, the optimality was checked with different initial conditions as well as by 
exhaustive search of all routes to confirm that the optimum found by the solver was the 
global optimum. 
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Fig. 5:  Superstructure flowsheet for milking of microalgae in Aspen Custom Modeler incorporating splitters and mixers for optimization strategy.  The 
symbols used in the figure are explained below.  
 
Indicates the technology options (G1, G2 for growth, HCP1 and HCP2 for hydrocarbon production, D1, D2,…, D6 for dewatering, Ext for 
extraction, and R1 and R2 for solvent recovery stages, respectively, in the same order as shown in Fig. 4) 
 Indicates the mixers and splitters introduced in optimization strategy  Indicates the process stream mixers 
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 Analysis, results and discussion 
A base case was analyzed to find the optimum route. Our previous study showed that 
change in assumptions for different parameters may result in different optimum routes 
(Chaudry et al., 2016). Therefore, many optimization runs were conducted with the 
change in one parameter from base case to perform the sensitivity analysis for the 
assumptions to see its effect on the optimum route selection. For sensitivity analysis, the 
changes from the base case are shown in Table 3.  
The energy ratio (energy contents of extracted hydrocarbons (HHV)/total energy input to 
the process) was also calculated for each run to quantify the energetic feasibility of the 
route. The optimum route, value of the objective function and the energy ratio for each 
case are shown in Table 4. For the base case as well as all the other cases, the optimum 
route selected was open ponds for growth and HC production, cylindrical sieve rotator 
filter for dewatering and nanofiltration for solvent recovery. 
As mentioned earlier, the milking process has never been tested on the large scale, the 
technology options other than those selected in the optimum route were also analyzed for 
their feasibility. This analysis was performed by multiple optimization runs and removing 
the previously selected technology option from the decision variables for each next 
optimization run to find the route options in descending order of net energy gain.  
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Table 3: Changes in assumptions from the base case for each optimization run 
Optimization Run Changes from base case 
 Parameter/assumption New Value 
1 Productivity Open Ponds 6 g/m2 day 
2 Productivity Open ponds 12 g/m2 day 
3 Productivity Flat plate PBR 6 g/m2 day 
4 Productivity Flat Plate PBR 12 g/m2 day 
5 Culture concentration Open Ponds 1 g/lit 
6 Culture concentration Flat Plate PBR 8 g/lit 
7 Extraction efficiency 30% 
8 Extraction efficiency 70 % 
9 Extraction efficiency  30, 50 and 70 %* 
10 Solvent/culture ratio 1/5 
11 Solvent/culture ratio 1/1 
12 Energy savings by use of nanofiltration in combination with distillation 30 % 
13 Energy savings by use of nanofiltration in combination with distillation 70 % 
14 HC contents of B. braunii (by weight) 20 % 
15 HC contents of B. braunii (by weight) 60 % 
*for low, medium and high concentration, respectively 
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Table 4: Optimum routes and their energy ratios for extraction of HC from 7.15 e +07 m3/year of B. braunii culture via milking process 
Optimization Run                Equipment selected for each stage Objective function 
(MWh/year) 
Energy Ratio HC production 
(bbl/year) 
 Growth/ HC 
production 
Dewatering Recovery    
Base case OP CSRF NF 41223.8 2.05 45,990 
1 OP CSRF NF 40270.3 2.00 45,990 
2 OP CSRF NF 41700.5 2.07 45,990 
3 OP CSRF NF 41223.8 2.05 45,990 
4 OP CSRF NF 41223.8 2.05 45,990 
5 OP CSRF NF 114022.7 3.43 91,981 
6 OP CSRF NF 41223.8 2.05 45,990 
7 OP CSRF NF 9049.0 1.23 27,594 
8 OP CSRF NF 73398.6 2.87 64,386 
9 OP CSRF NF 41223.8 2.05 45,990 
10 OP CSRF NF 39336.2 1.96 45,990 
11 OP CSRF NF 24235.4 1.43 45,990 
12 OP CSRF NF 40468.7 2.01 45,990 
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13 OP CSRF NF 41978.8 2.09 45,990 
14 OP CSRF NF 1005.3 1.03 22,995 
15 OP CSRF NF 81442.2 3.08 68,985 
*see Table 2 for abbreviations 
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Table 5: Feasibility analysis of routes other than base case optimum route for extraction of HC from 7.15e+07 m3/year of B. braunii culture via milking 
process 
Optimization Run                 Equipment selected for each stage Objective function Energy Ratio HC production 
 Growth/HC production Dewatering Recovery (MWh/year)  (bbl/year) 
Base case OP CSRF NF 41223.8 2.05 45,990 
2nd growth and HC 
production option 
FP PBR CSRF NF -5515576.8 0.1 367,924 
2nd dewatering option OP BFP NF 28028.0 1.53 45,990 
3nd dewatering option OP VSF NF 24926.0 1.53 40,880 
4th dewatering option OP SCDC NF -8116.4 0.91 45,990 
2nd solvent recovery option OP CSRF Dist 39336.2 1.96 45,990 
*See Table 2 for abbreviations
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The energy ratios (output (energy contents of hydrocarbons) / total input) in Table 4 show 
that the milking process is energetically feasible for the most of the cases with an average 
energy ratio of 2. The sensitivity analysis shows that extraction efficiency, hydrocarbon 
contents of B. braunii and the culture concentration in open ponds are the most 
influencing factors on the energetic feasibility of the milking process. The changes in 
these parameters can significantly increase or decrease the energy ratio of the process 
indicating the high dependence of the energetic feasibility of the milking process on them.  
Table 5 indicates that closed PBR is not an energetically feasible option for the growth 
and HC production from the recycled microalgae, due to its very high energy 
consumption. Belt filter press and vibratory screen filter are second and third energetically 
feasible options for the dewatering stage. The optimization run for fourth dewatering 
option resulted in self-cleaning disk stack centrifuge as the optimum technology with the 
negative objective function, indicating that self-cleaning disk stack centrifuge and other 
remaining options (nozzle discharge centrifuge, electro flotation and no harvesting) are 
not energetically feasible. Although belt filter press is an energetically positive option, it 
is not likely to be suitable for non-destructive process due to the high pressure used. 
Hence, effective screen filtration for dewatering stage is one of the important factors 
responsible for determining the success of the milking process. B. braunii has an 
advantage of higher particle size (up to 0.1 mm) due to the formation of colonies (Kai 
Zhang & Kojima, 1998) than that of other microalgal species which are present in the 
form of single cells in the culture solution. Therefore, filtration may appear to be more 
practical for B. braunii than it is considered for the other algal species with very low 
particle size (2-30 µm) (Fon Sing et al., 2013). The milking process is feasible for both 
of the solvent recovery options (nanofiltration in combination with distillation and 
distillation). 
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The distribution of the total energy consumption of the optimum route of the base case as 
well as the optimum routes with the other technology options are shown in Fig 6. For the 
base case, and all other cases with the open ponds for the growth and HC production, 
dewatering is the dominating energy consuming step, contributing to more than 50 % of 
the total energy consumption of the process. It should be noted that single stage 
dewatering was considered. However, some of the strains of B. braunii have the ability 
of auto-flotation. In case of auto-flotation prior to dewatering step, the energy 
consumption of dewatering can be significantly reduced due to the low culture volume 
processed in downstream dewatering stage, leading to high energy ratio of the process. 
Hydrocarbon production and growth are the second and third major energy consuming 
stages, respectively.  Solvent recovery using nanofiltration in combination with 
distillation contributes up to only 5 % of the total energy. On the other hand, for the 
second technology option for growth and HC production (closed PBR), growth and HC 
production are the major energy consuming steps, contributing up to 99% of the total 
energy consumption and making the process infeasible. However, for the second option 
of solvent recovery (distillation only), the solvent recovery step contributes double, but 
still the process is energetically feasible.  
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Fig 6: Distribution of the total energy consumption for the optimum routes of the process 
for the base case and the other routes shown in Table 5 
 Conclusion 
A superstructure optimization strategy was developed to find the optimum route and 
analyze the energetic feasibility of all technology options for the repetitive milking 
process of B. braunii using equation-oriented modeling tool, ACM. The objective of the 
study was not only to find the energetically optimum route for the milking process but 
also to develop a tool which can be further used in the design of biorefinery based on this 
process. The developed strategy was successfully used for the selection of the optimum 
technologies, without the use of mixed integer programming. An exhaustive search was 
performed to verify the optimization results and confirm the global optimality. The 
optimum route resulted in open ponds, cylindrical sieve rotator filter and nanofiltration 
as the technology options for the growth and hydrocarbon production, dewatering, and 
solvent recovery stages, respectively. Positive values of objective function for different 
scenarios show that the process is energetically feasible with the average energy ratio of 
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2. Higher extraction efficiency (70 %), higher hydrocarbon contents of B. braunii (60 % 
by weight) or higher culture concentration (1g/lit) prior to dewatering can increase the 
energy ratio of the process up to 2.87, 3.08 and 3.43, respectively. In the feasibility 
analysis of all the technologies, milking process was found to be energetically feasible 
for open ponds for the growth and HC production stage, cylindrical sieve rotator filter, 
belt filter press and vibratory screen filter for the dewatering stage and both distillation 
and nanofiltration for solvent recovery stage. However, flat plate PBR, electro flotation, 
self-cleaning disk centrifuge, nozzle discharge centrifuge, and no dewatering were not 
energetically feasible options. Closed PBR is not feasible for the milking process due to 
very high energy consumption.  It can be concluded from the analysis that open ponds for 
growing B. braunii and producing hydrocarbons from recycled culture and effective 
filtration and extraction processes for dewatering and hydrocarbon extraction, 
respectively, are the key to the feasible milking process design. It is worth to mention 
again that all the analysis is based on the assumptions. Practical evaluation of each stage 
of the process is necessary for giving a clearer picture. 
Appendix A. Supplementary data 
Supplementary data associated with this article can be found in the online version, at 
http://dx.doi.org/10.1016/j.compchemeng.2016.11.018. 
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Techno-economic analysis of milking of Botryococcus 
braunii for renewable hydrocarbon production 
Abstract 
Microalgal biofuel has the potential to address two major global issues; 1) fulfil the rising 
energy demand of the world and 2) mitigate the increasing global warming by CO2 
sequestration. Botryococcus braunii is a unique alga producing high hydrocarbon 
contents which can be hydrocracked into high quality fuel. However, there is a lack of 
interest on the use of B. braunii for biofuel production due to its slow growth rate, an 
influencing parameter in determining the economics of conventional algal fuel production 
process. Non-destructive extraction (milking) of B. braunii hydrocarbons is a process 
which enables the alga to reproduce the hydrocarbons reducing the requirement of fast 
growth of this alga for biofuel production. This study targets to establish a techno-
economics of B. braunii milking to analyze its potential for the renewable hydrocarbon 
production. The minimum sales price (MSP) to achieve a 10 % rate of return was 
estimated to be US$3.20 L-1 of B. braunii hydrocarbons for the base case scenario.  The 
extraction efficiency and the hydrocarbon contents were found to be the major economy 
drivers of the process as a result of the additional sensitivity analysis performed to identify 
the most economic influencing parameters. The MSP has the potential of significant 
reduction (down to US$1.45 L-1) if a B. braunii with higher hydrocarbon contents is 
identified as long as the selected strain is suitable for milking and the higher non-
destructive extraction efficiency is achieved. A resource assessment comparison was also 
made to evaluate the significance of the repetitive extraction versus the single extraction. 
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The milking has the clear advantage over the conventional single extraction regarding 
resource consumption and the cost of the process. 
Keywords: Biofuel; Microalgae; Techno-economics; Non-destructive extraction  
  Introduction 
 High consumption of fossil fuel to fulfil the rising energy demand is not only depleting 
their resources but also responsible for increasing global warming [1]. Microalgae have 
the tremendous potential for renewable and sustainable fuel production due to their 
remarkable ability of fast growth, and high oil contents which can be converted to biofuel. 
However, the economics of microalgal fuel production process is not favorable. The cost 
estimated for the algal oil/fuel production by processing the wet microalgae in different 
previous studies ranges from $0.36 L-1 to $16 L-1 [2]. To achieve the goal of commercial 
microalgal biofuel production, a great deal of research and development is still required 
to improve the performance and reduce the uncertainty and the cost of the process.  
The microalgal biofuel production process is comprised of growth, dewatering, and 
extraction followed by conversion of algal oil to fuel [2]. Open ponds are the most 
common system for growing microalgae on the commercial scale [3]. In spite of being 
the lowest cost method of growing microalgae on a large scale, the open ponds are very 
capital intensive and have high operating costs associated with the mixing, nutrients, and 
supply of CO2 as well as makeup water. Further, the low concentration of microalgae in 
growth media (< 1% biomass) and the small particle size due to its unicellular nature 
make the dewatering of microalgae highly energy consuming [4, 5]. Due to the high cost 
associated with the growth and processing of microalgae, it is necessary to establish high 
throughput and low-cost processing methods to achieve a favorable economics. 
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Productivity and oil content are the two most important parameters in determining the 
throughput and ultimately the economics of the process, and there is usually a bargain 
between these two parameters [6].  
Botryococcus braunii is a colony forming microalga which shows the highest oil content 
(up to 75 %) amongst all the known microalgae [7]. Botryococcus braunii oil is comprised 
mostly of extracellular hydrocarbons [8], which can be hydrocracked into aviation fuel, 
diesel and gasoline [9, 10]. However, mass cultivation of this alga has not been attempted 
for the biofuel production due to its slow growth rate (0.5 day-1 [11]), which can reduce 
the overall biofuel productivity [12]. Botryococcus braunii has a unique property to 
replenish its hydrocarbon contents without any extra nutrients if the hydrocarbons are 
extracted without damaging its cells and colonies [13-15]. This property enables us to 
utilize this alga for repetitive hydrocarbon extraction called milking and makes it the 
potential species for fuel production in spite of its slow growth rate [16]. However, the 
idea of repeated extraction of hydrocarbons has never been evaluated for its potential of 
fuel production. 
Techno-economic analysis is a tool for process evaluation used by research management 
to plan the research and development program. To continue with the idea, the process is 
analyzed for being technically sound and economically attractive [17]. In this study, the 
techno-economic analysis of repeated extraction of B. braunii hydrocarbons was 
conducted to test the idea of the milking and its potential for fuel production. The 
technologies for each stage of the process were chosen based on the merit of energetic 
feasibility assessed in our previous study [18] as well as currently available technologies 
and their data availability for microalgae system. The present analysis is not a fully 
rigorous engineering design analysis due to insufficient data to support the model. While 
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every effort is made to select the technologies currently available and the performance 
assumptions most suitable to the system supported by available data, it is important to 
caution that the model and the results presented in this analysis are still theoretical and 
need to be experimentally verified. 
 Methodology and accuracy of economic estimate  
2.1. Methodology 
Process design and analysis comprises many stages including flowsheet formulation, 
process modeling (mass and energy balances), equipment sizing and costing, estimation 
of capital and operating costs and profitability analysis. The hierarchy of the evaluation 
process followed in this study is shown in Fig. 1. 
 
Fig. 1: Hierarchy of economic analysis  
 
 
104 
 
The first step in the hierarchy (flowsheet formulation) was completed by superstructure 
optimization in our previous study [18]. The technologies used for growth and processing 
of microalgae, in general, were screened for suitability for the non-destructive process as 
required in the case of milking and a superstructure was formulated. The preliminary 
process models were developed for all the process alternatives, and a superstructure 
optimization tool was used with the net energy ratio as the objective function to analyze 
the alternatives for their energetic feasibility. Using the energetically positive options 
identified in the previous study, the process alternatives with enough data availability for 
the economic analysis were selected for the final flowsheet (see section 3.1) [18].  
After finalizing the technologies for economic evaluation, the plant layout and the 
working schedule for the growth and hydrocarbon production ponds were decided.  The 
process models comprising of material and energy balances for final flowsheet were 
developed in Aspen Custom Modeler V8.4 (see section 3.1). 
The outputs of the process models along with the economic assumptions were used for 
the cost estimation. The cost data was collected from the direct vendor quotes, literature 
and the engineering estimation. All costs are presented in 2015 US$. Chemical 
Engineering Plant Cost Indices (CEPCI) were used to account for the inflation between 
the year of the data source and the year of estimation. The general formula for adjusting 
the cost for time using the indices is as follows; 
 
2015 𝑐𝑜𝑠𝑡 = (𝐵𝑎𝑠𝑒 𝑐𝑜𝑠𝑡 ) (
2015 𝑐𝑜𝑠𝑡 𝑖𝑛𝑑𝑒𝑥
𝐵𝑎𝑠𝑒 𝑦𝑒𝑎𝑟 𝑐𝑜𝑠𝑡 𝑖𝑛𝑑𝑒𝑥
) (1) 
 The capital cost was estimated using the module costing technique [19]. The discounted 
cash flow analysis was used as the profitability criteria to estimate the minimum selling 
price of the product (B. braunii hydrocarbons). Minimum selling price (MSP) is the price 
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of the product at which net present value (NPV) of the project is zero with fixed internal 
rate of return for a specified life of the project [20, 21]. Net present value is the cumulative 
discounted cash position at the end of the project  [19] and can be calculated as shown in 
equation 2. 
 
𝑁𝑃𝑉 =  ∑
(𝑛𝑒𝑡 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤𝑠)𝑡
(1 + 𝑟)𝑡
𝑇
𝑡=𝑡
 (2) 
Where ‘r’ is the rate of return; at NPV= 0, r = IRR (internal rate of return) and ‘t’ is the 
time of the project in years. 
2.2. Accuracy of economic estimate 
Economic evaluation is conducted at every stage of the process including idea, basic 
research, bench scale research, pilot plant and commercialization [17]. The Association 
for Advancement of Cost Engineering (AACE International), has classified the project 
cost estimation for process industries into five major groups (described in Table 1) [22]. 
The methodology used in the present study results in accuracy range of study or feasibility 
estimate (class 4) [19]. 
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Table 1: The AACE International classification of project cost estimation [22] 
  
 Process and economic modeling 
3.1. Process model description and plant layout 
One of the unique properties of Botryococcus braunii is its ability to reproduce extra 
cellular hydrocarbons every 5 days under the conditions similar to growth but without 
any extra nutrients, when they are extracted non-destructively [2]. The milking of B. 
braunii is similar to the conventional method of algal oil extraction comprising of three 
major stages; 1) growth, 2) harvesting and dewatering, and 3) oil extraction and recovery. 
However, in contrast to conventional oil extraction, there is no cell disruption involved 
as a pretreatment to extraction in the case of milking. Moreover, in milking, the whole 
biomass is recycled back to the system after the oil extraction to reproduce the 
hydrocarbons in comparison to conventional extraction in which the lipid extracted algae 
are processed in anaerobic digestion to recycle the nutrients and produce biogas or sold 
Estimate 
Class 
Maturity level 
of project 
End usage Expected 
accuracy range 
Class 5 0% to 2% Idea screening -20% to + 100% 
Class 4 1% to 15% Study or feasibility estimate -15% to + 50% 
Class 3 10% to 40% Budget authorization or 
control 
-10% to + 30% 
Class 2 30% to 75% Control or bid/tender -5% to + 20% 
Class 1 65% to 100% Check estimate or 
bid/tender 
-3% to +15% 
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as animal/aquatic feed. After the specific number of extractions in milking, when B. 
braunii are not able to produce more hydrocarbons, the left over biomass is taken out of 
the system and can be treated as lipid extracted algae in a conventional method.  
The technology selection for each stage of the process was based on 1) its suitability for 
the non-destructive process, 2) its energetic feasibility within the process 3) and the data 
availability for economic analysis. Our previous study [18] analyzed the superstructure 
of milking with all the technology alternatives suitable for the non-destructive process 
(see Fig. 2), for the energetic feasibility. Open ponds for growth and hydrocarbon 
production, cylindrical sieve rotator filter, belt filter press and vibrating screens for 
dewatering, and combination of nanofiltration and distillation and distillation only for 
solvent recovery were found to be energetically positive options [18].  
The technologies were further screened for the data availability for the economic 
evaluation. The final technologies selected for each stage of the process for the economic 
analysis in this study were as follows; open ponds (paddle mixed raceways) for growth 
and hydrocarbon production, cylindrical sieve rotating filter for dewatering, Karr column 
for hydrocarbon extraction with biocompatible solvent (see section 3.2.6) and distillation 
column for solvent recovery. Moreover, the left over biomass was considered to be solar 
dried and sold as aquatic feed (see section 3.2.12). The block diagram of the milking 
process is shown in Fig. 3. 
 
 
108 
 
 
 
Fig. 2: Superstructure considered for flowsheet formulation for milking of B. braunii, 
taken from [18] 
 
 
 
Fig. 3: Milking of B. braunii for repeated hydrocarbon (HC) production. The dotted lines 
show the intermittent flows. Left over b. braunii is the biomass after specific no of 
extractions. 
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The basis selected for the process modeling was the processing of 7.15×107 m3 of B. 
braunii culture per year at the downstream of ponds for hydrocarbon extraction. This 
assumption gives the total pond area of 453 ha for the base case comparable to that 
considered in the Lundquist et al. (2010)’s work (400 ha) for microalgae fuel production 
[23]. The major base case material balance assumptions for the process model are shown 
in Table 2. The assumptions for energy consumption for each stage of the process are 
given in relevant sub-section in section 3.2. 
Table 2: Process model base case assumptions 
Parameter Value Reference 
Average B. braunii productivity 9 g m-2 d-1  [24] 
Average HC contents of B. braunii 40 % DW [25] 
Culture concentration in open ponds 0.5 g L-1 [26] 
Extraction efficiency 50 % [18] 
Rate of evaporation 0.3 cm d-1 [6] 
Working days 330  [6] 
 
 Five sets of hydrocarbon (HC) production ponds were considered with each set 
consisting of open pond area required to provide the desired amount of culture per day. 
After extraction, the culture is recycled back to the HC ponds for reproducing the 
hydrocarbons for repeated extraction every 5th day. After the ‘n’ repetitions of extractions, 
the spent biomass is taken out of the system, and fresh biomass from the growth ponds is 
supplied. Growth pond area was calculated based on the productivity and the number of 
days required for growing the fresh biomass as follows.  
At the assumed average B. braunii productivity of 9 g m-2 d-1, the change in culture 
concentration will be equal to 0.03 g L-1 d-1. Only 6 % of the growth pond can be harvested 
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every day at the assumed maximum culture concentration of 0.5 g L-1 for continuous 
operation. However, in the case of milking of B. braunii, the continuous supply of fresh 
biomass is not required. The growth ponds were considered to produce the culture in 
batch to provide the fresh feed. For an average “n’ repetitions of hydrocarbon extraction, 
the biomass grown will be equal to 1/n of the total culture processed per year. Each batch 
of culture was considered to go under nine repetitions of extractions, explained in the 
following text. 
If the growth pond is provided with 10 % inoculum, it will take 15 days to prepare the 
fresh biomass feed to the desired culture concentration of 0.5 g L-1. Also, if the growth is 
considered only in ponds specified for it with 10 average repetitions of extraction of each 
batch of culture as considered in our previous study [18], HC ponds will be out of 
operation for six days after every last repetition of extraction of the culture. This will lead 
to higher area requirement for growth ponds for a continuous process. For utilizing all of 
the pond area effectively throughout the year, 90 % of the growth ponds will be harvested 
after every nine days and transferred to the HC production ponds for four more days of 
batch growth giving 14 days of batch time in total. This gives the culture of each set of 
ponds to be replaced with the fresh culture after nine repetitions of extraction for a 
continuous downstream process. Assuming 1 % biomass loss in downstream processing 
facility, another 12 ha growth area (three ponds) would be required in continuous growth 
to be harvested at the maximum rate (6 %) every day to make up the losses. The feed 
pattern over the 330 working days of the year is shown in Fig. 4. 
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Fig. 4: The schedule of open pods providing culture for downstream processing, G; growth 
ponds, 1-5; five groups of HC production ponds. Each batch of growth ponds is transferred 
to one of the groups of HC production ponds after every nine days. Each group of HC 
production ponds provide culture for downstream processing every 5th day and receive the 
recycled culture back. After nine repetitions of HC extraction, the batch of HC production 
ponds is replaced with the fresh culture from the growth ponds. 
The total land footprints of the plant were considered to be 120 % of pond area [27]. The 
dimensions of the open ponds were based on Lundquist et al. (2010)’s work, i.e. each 
pond of 4 ha (0.3 m deep, 60 m wide and 690 m long) [23]. The culture is pumped from 
the ponds to the receivers in the middle facility. Receivers are plastic lined deep ponds of 
3 m depth and 4000 m3 volume each similar to the clarifiers in Lundquist et al. (2010)’s 
work [23]. Three receivers (deep ponds) are required to empty one open pond. For 
continuous operation, four receivers would be required and one receiver will be on 
standby all the time for cleaning, giving five total receivers. The purpose of the receivers 
was to give the residence time to the pumped culture to empty the ponds and send the 
culture back to the ponds after dewatering and hydrocarbon extraction.  B. braunii has the 
tendency to float on the surface as compared to other microalgal species which settle 
under gravity. However, no study is available to confirm the reliability of the natural 
floating phenomenon of B. braunii for achieving primary dewatering. Therefore, no 
increase in concentration was assumed in the receivers. From the receivers, the culture is 
sent to the dewatering section following the extraction. After extraction, the culture is 
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mixed with the recycled water from the dewatering stage and pumped back to the ponds. 
The left over biomass after the nine repetitions of hydrocarbon extraction is solar dried 
and sold as aquatic feed. The proposed layout of the plant is shown in Fig. 5. 
Fig. 5: Milking plant layout. Each pond is 4 ha (60 m by 690 m) [23]. There is 4 m distance 
after every two ponds in the row and 10 m distance between the two rows of ponds. The 
processing facility and administration building are in the middle of the algae ponds facility. 
Culture is pumped from ponds to the receiving ponds (C) existing in the processing facility. 
Recycled water and culture after dewatering and extraction are pumped back to the ponds. 
A: Inoculum ponds and laboratory, B: Filtration and extraction facility, C: Receiving 
ponds, D: Water and CO2 distribution system E: Administration building, F: Drying beds 
for leftover biomass 
3.2. Economic model 
The process model parameters were used as the input for the economic model. The data 
for cost evaluation of the microalgae system on a large scale is not readily available. Many 
techno-economic studies have been performed on microalgae systems for fuel production; 
however, most of them rely on previous studies and lack the details of the estimate. The 
cost evaluation studies giving detailed estimates [23, 27-29] are the major literature 
references for the cost data in this study. The contents of capital and operating cost for 
each stage of the process and the assumptions used in the economic model are described 
in the sections below. 
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3.2.1. Open ponds  
Open ponds are the most economical and energetically viable option for large scale 
microalgae growth. In this study, open raceway ponds mixed with paddle wheels with an 
energy requirement of 48 kWh ha-1 d-1 were considered for the growth and hydrocarbon 
production [18]. The capital cost of open ponds depends on many factors including the 
location, and land and soil quality [28]. In this study, the cost of raceway ponds was 
assumed to be $36,000 ha-1 based on the average cost estimated in the previous studies 
[23, 28, 30].  For the base case, clay lined/unlined ponds were considered. Plastic lined 
ponds are analyzed through the sensitivity analysis. 
3.2.2. Fresh water supply 
Botryococcus braunii is a fresh water alga, although some studies reveal that they can be 
grown in brackish water. The suitable location for milking process is constrained by the 
availability of fresh water source. Florida and Central Gulf Coast can be the potential 
location for this project due to the fresh water availability as analyzed in one of the 
previous studies for algal fuel production [27]. However, the resource potential is out of 
the scope of this study. Careful consideration for fresh water source must be taken into 
account when analyzing the suitable locations for B. braunii growth. In this study, the 
fresh water source was assumed to be available at a distance of 4.83 km (3 miles) from 
the middle facility. The fresh water supply from a source beyond three miles is not 
economic due to the high capital cost and operating expenditure [23]. The average 
evaporation rate was considered as 0.3 cm d-1 [6].  The capital cost was calculated based 
on the maximum water supply as 2/3rd of the total water was considered to be supplied 
during daytime due to evaporation.  The operating cost was estimated for an average daily 
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water flow. Piping was designed similarly as described for culture transport later in the 
text in section 3.2.4. Centrifugal pumps were considered for fresh water supply. The total 
head estimated for the maximum capacity of fresh water supply was 32 m onsite and 38 
m from source to site (measured for 4.83 km distance, with 10 m potential head). This is 
also in accordance with the source to site head (30 m) estimated for the shallow well in a 
previous study [27]). 
3.2.3. CO2 supply  
CO2 is the major nutrient for microalgae growth and also one of the major constraints for 
location selection in resource potential analysis. CO2 can be supplied as the flue gas 
directly from the thermal power plant, or pure CO2 can be purchased and stored on site 
for supply [31]. Botryococcus braunii grow better using flue gas as a CO2 source as 
compared to CO2 enriched air [32]. Moreover, the use of flue gas is more economical 
than the pure CO2 purchased and stored on the plant [33]. Like water source, Lundquist 
et al. (2010) suggested the maximum distance for flue gas source should not be more than 
three miles for economic supply of CO2 [23]. The CO2 supply system is designed based 
on maximum CO2 requirement. Based on Redfield ratio, and 80 % uptake efficiency, the 
CO2 requirement for growth is two times the biomass [3]. For maximum B. braunii daily 
productivity of 10 g m-2 d-1 [24], for an average eight sunshine hours, the average hourly 
productivity in maximum productivity days will be 1.3 g m-2 h-1. Assuming maximum 
hourly productivity of 1.5 g m-2 h-1, the CO2 requirement will be 3 g m
-2 h-1. At 1.22 bar 
and 43°C [23], the volumetric flow rate of CO2 required for the growth ponds will be 
14.71 m3 ha-1 h-1. Assuming, the flue gas from the coal power plant has 12.5 % CO2 by 
volume [23], the maximum flue gas requirement for growth ponds will be 117.65 m3 ha-
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1 h-1. However, the average annual requirement will be lower due to the lower average 
productivity. Also, the same amount of CO2 was assumed to be supplied to the 
hydrocarbon production ponds. The theoretical CO2 requirement for the hydrocarbon 
production is lower than the microalgae growth as only 40 % (hydrocarbon contents) of 
the biomass is reproduced. The excess amount of CO2 is to ensure the cell viability and 
fast replenishment of hydrocarbons [13, 14] and is lost from the ponds. 
The amount of flue gas required in this study (117.65 m3 ha-1 h-1) was comparable to that 
required from flue gas source calculated in Lundquist et al. (2010)’s work (113 m3 ha-1 h-
1). Therefore, the cost for CO2 supply from the flue gas source ($6,337 ha
-1 pond area, 
adjusted to 2015$) estimated by Lundquist et al. (2010) was used in this analysis [23]. 
The energy consumption for CO2 supply was assumed to be 0.021 kWh kg
-1 CO2 [18]. 
3.2.4. Culture pumping 
Culture is pumped from the ponds to the receivers in the middle facility and back. Some 
of the previous studies have considered the one side flow under gravity [34]. However, 
no technical information is given on how this would be achieved for a large facility [27]. 
Considering 0.5 -1 % slope required for flow under gravity, for a 1 mile distance to the 
one side of middle facility, 8-16 m elevation would be needed on each side. This increased 
elevation will increase the pumping cost for the flow on other side and offers many 
technical challenges. 
The pipe sizing was performed to maintain the flow velocity at 2.5 m s-1 [35]. Two rows 
of the ponds to one side of the middle facility were assumed to share the pipeline (high 
density polyethylene pipe) for culture flow. The pumping system was designed for 
maximum distance traveled by the culture. However, the operational pumping cost was 
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based on the average distance traveled. The land was considered with no elevation 
change. The only static head assumed for the calculation was the depth of the pond (0.3 
m) to one side and the depth of receiver (3 m) on the other side flow. The frictional loss 
was calculated using Darcy-Weisbach formula with the friction factor estimated from 
Moody chart [36]. The maximum and average total heads estimated for the culture flow 
were 19.45 m and 10.22 m from ponds to the middle facility and 29.47 m and 19.65 m 
back to ponds, respectively. The pump and motor efficiencies were considered to be 75 
% and 90 %, respectively [27]. Two positive displacement pumps were considered for 
the flow on each side (to and from the ponds), one in operation and the other as a standby. 
The cost of each receiver in the middle facility was taken as $36,700/1000 m3 as estimated 
by Lundquist et al. (2010) for the clarifier [23].        
3.2.5. Dewatering 
Dewatering is one of the high energy consuming steps of the process [37]. Filtration is 
the energetically viable method of dewatering for the milking system [18]. Filtration is 
found to be not suitable for unicellular microalgae species such as Chlorella and 
Nannochloropsis but is effectively used for filamentous microalgae like Spirulina  [3]. 
Botryococcus braunii has the advantage of larger particle size (0.05-0.5 mm) due to the 
formation of colonies as compared to the other unicellular species [38]. The cylindrical 
sieve rotator filter with an energy requirement of 0.3 kWh m-3 was considered for the 
dewatering [18]. The rotary filter cost was taken as $76,000 and was capable of handling 
1250 m3 h-1 of feed, obtained by private communication with the vendor. Since the 
required screen area depends on many factors such as culture concentration and size of 
microalgae cells/colonies, there is considerable uncertainty in the capacity of the screen, 
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which ultimately affects the equipment cost. Therefore, 100 % increase in the cost of 
screens has been considered in the sensitivity analysis. 
3.2.6. Extraction and recovery  
After dewatering, the concentrated microalgae culture is sent to the extraction column. 
Biocompatible solvents (such as heptane and hexane) are used for the non-destructive 
extraction of hydrocarbons from B. braunii [15]. This study considered heptane as the 
solvent as hexane has been found not to be suitable for milking of some of the B. braunii 
strains tested in previous studies [14]. Extraction of oil from microalgae has the least 
information available. Most of the previous studies have either used the cost data for the 
soybean oil extraction or assumed the combined dewatering and oil extraction with the 
centrifuge and reported the cost per dry ton of algae  [27]. The total cost of the system 
depends on many factors such as the solid concentration in the culture fed to the extraction 
unit, the amount of solvent used, and the nature of the lipids and the solvent itself. The 
cost data reported on the basis of per ton of algae processed will only be applicable if all 
of the above-mentioned parameters are the same.  
In another study, Davis et al. (2014) proposed the agitating column extractor (Karr 
column) for lipid extraction from the chemically treated algal biomass to achieve 
extraction efficiency up to 90 % [29]. The agitated column extractor is a potentially 
suitable option for non-destructive extraction of hydrocarbons from B. braunii given the 
advantages of less shear effect due to the absence of any internal agitator and also 
achieving enough phase mixing by column agitation required for the effective extraction. 
However, this column would have significant energy consumption. The cost of the 
column estimated by Davis et al. (2014) was $1.94 MM per column, capable of handling 
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1474 kg h-1 of lipid feed and requiring 30 kW of power [29]. Assuming the parameters 
other than feed rate do not considerably affect the design, the column cost estimated by 
Davis et al. (2014) [29] was used in this study after adjusting for the capacity using the 
six-tenths rule [35].  
The extraction of external hydrocarbons of B. braunii is relatively easier than the 
extraction of intracellular lipids from other microalgae species and does not need any 
pretreatment for cell disruption. The hydrocarbon extraction efficiency was assumed to 
be 50 % in base case as compared to the 90 % from the pre-treated algae in Davis et al. 
(2014)’s study [29], keeping the non-destructive nature of the operation in mind. 
However, the extraction efficiency can be considerably increased if good phase mixing is 
achieved without mechanically damaging the cells and colonies. There would be a bargain 
between the column speed determining the extraction efficiency and the non-destructive 
nature of the process [39]. An optimum column agitation speed, which gives good 
extraction efficiency with minimum B. braunii cell and colony damage, should be found 
in the experimental investigation.  
The extract obtained after the oil extraction is highly rich in low volatile component (≈ 
87 % solvent), due to the high solvent/culture ratio used. The thermal energy requirement 
of the process is derived from the need to vaporize the solvent [40]. Davis et al. (2014) 
estimated the total energy requirement of preheater and reboiler of solvent recovery 
column from 11% lipids and 89 % solvent mixture (hexane in their case) to be 0.09 kWh 
kg-1 solvent after recovery of heat from the bottom product [29]. In this study, the net 
energy consumption of the solvent recovery stage was taken as 0.1 kWh kg-1 solvent, 
keeping the higher boiling point of heptane in mind. The operating cost of the steam 
required for reboiler and pre heater was assumed as $14.83 GJ-1 for medium pressure 
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steam (150-225 psig) [19]. The cost of the recovery section (preheater, solvent stripper 
and reboiler) was also based on Davis et al.’s estimation [29]. 
3.2.7. Inoculum preparation 
Inoculum for the growth ponds is prepared in 7 stages; 1) laboratory cultivation, 2) 
serializable reactor, 3) tubular culture, 4) tubular reactor, 5) plastic sleeve reactor, 6) 
covered pond and 7) lined inoculum pond [28]. Benemann and Oswald (1996) suggested, 
for 5 % inoculum in the growth pond, the last stage of the lined inoculum pond will need 
10 % of growth pond area as the inoculum pond will have less productivity with each 
previous stage having 10 % of the area of next stage [28]. However, in the case of milking, 
the continuous inoculum is only required for makeup culture ponds. All other growth 
ponds will be inoculated after 9 days, which can significantly reduce the inoculum pond 
area. Assuming 10 % of the growth pond area required to provide 10 % inoculum, the 
total inoculum cost estimated for the system was equal to 15.6 % of the lined growth pond 
based on the cost of each stage of inoculum reported by Benemann & Oswald (1996) 
[28].  
3.2.8. Drying beds  
The left over biomass was considered to be solar dried. The cost of drying beds was based 
on Lundquist et al. (2010)’s estimation for 100 m2 drying area /m3 wet biomass to achieve 
80 % solid concentration in one day [23]. 
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3.2.9. Miscellaneous capital cost items 
The land was considered to be available at $8000/ha, the average of the costs reported by 
Davis et al. (2011) and Silva et al. (2014) [6, 30] after adjusting for the inflation using 
consumer price index published by U.S.  Bureau of Labor Statistics [41]. The other capital 
cost items were calculated as below [19]: 
 Contingencies: 20 % of total installed cost (excluding land) 
 New facility cost (auxiliary, site development, utilities): 40 % of total module cost 
(see equation 3)  
 Working capital: 5 % of the grass root cost (see equation 4) 
Where 
 𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑑𝑢𝑙𝑒 𝑐𝑜𝑠𝑡 = 𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑐𝑜𝑠𝑡 (𝑒𝑥𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑙𝑎𝑛𝑑) + 𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑖𝑒𝑠 (3) 
 𝑔𝑟𝑎𝑠𝑠 𝑟𝑜𝑜𝑡 𝑐𝑜𝑠𝑡 = 𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑑𝑢𝑙𝑒 𝑐𝑜𝑠𝑡 + 𝑛𝑒𝑤 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦 𝑐𝑜𝑠𝑡 (4) 
3.2.10. Raw material and utility cost  
The major raw materials in the production of microalgae oil are fertilizer, water and CO2 
for microalgae growth and solvent for oil extraction. The only cost associated with the 
water and CO2 supply in the base case was the electricity consumption for the pumps and 
compressors as discussed above in the text. The fresh water availability at cost has been 
analyzed in the sensitivity analysis. The solvent was recovered and recycled back into the 
system. The solvent loss was considered 0.5 % with the aqueous phase in the extraction 
[29] and negligible in the recovery section as the unrecovered solvent going with the 
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product (B. braunii hydrocarbons) will be ultimately recovered in the refinery. The cost 
of the makeup solvent (heptane) was assumed to be $1.13 gal-1 [42]. 
The growth of microalgae requires some nutrients mainly nitrogen and phosphorous. 
According to Redfield ratio (C106H263O110N16P), nitrogen and phosphorous contribute 6.3 
% and 0.87 % to microalgae biomass, respectively [13]. Ammonia, urea and nitrates can 
be used as the nitrogen source and phosphates are used as the phosphorus source for 
microalgae growth. Nitrates are considered the optimal nitrogen source for B. braunii 
growth [12]. Therefore, NaNO3 was considered as the main source of nitrogen after 
accounting for the nitrogen present in phosphorous fertilizer, DAP (di ammonium 
phosphate). The fertilizer prices were obtained from IndexMundi [43].  The price of 
nitrogen in NaNO3 was assumed twice to the price of nitrogen in urea [44]. 
The electricity required for paddle wheel mixing, culture and water pumping, CO2 supply 
and operating the dewatering and extraction equipment was considered to be available at 
$ 0.10 kWh-1 [45] and 10 % line losses were considered.  
3.2.11. Labor and maintenance 
Operating labor requirement for the ponds was calculated as 25 ponds per operator per 
shift [23]. One operator was considered for the inoculum, and 1 offsite operator was 
considered for the CO2/water supply per shift. For the processing facility, the following 
Alkahayat and Gerrald’s correlation (equation 5) for operating labor requirement for 
chemical plants was used. 
 𝑁𝑂𝐿 = (6.29 + 31.7 𝑃2 + 0.223𝑁𝑚𝑝)
0.5
 (5) 
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Where NOL is the number of operating labor per shift, P is the number of steps involved 
in particulate handling and Nmp is the total number of equipment [19]. Keeping the 
complexity of non-destructive operation in mind, P was assumed to be one. As suggested 
by Turton et al. (2008), total 4.5 operators were considered for each operator per shift to 
accommodate for the three shifts per day and an average 245 shifts per operator per year 
[19]. Labor of different skills will be required. A salary of $63,730 including 30 % 
benefits was considered as an average salary for waste water treatment plant operators, 
chemical plant operators and separation process operators published by the U.S. Bureau 
of Labor Statistics [41]. Other miscellaneous operating expenditures were taken as a 
proportion to the operating labor or the fixed capital investment as shown in Table 3. 
Table 3: Miscellaneous operating expenditure, estimation factors taken from [19] 
Operating expenditure item  
Direct supervisory and clerical labor 18 % of operating labor 
Maintenance and repairs 2 % of fixed capital 
Operating supplies 5 % of maintenance 
Laboratory charges 2 % of operating labor 
Plant overhead 50 % of operating labor, supervisory labor 
and maintenance 
Administration cost 15 % of operating labor, supervisory labor 
and maintenance 
3.2.12. By product credit 
After the specific number of extraction of hydrocarbons, B. braunii are assumed to be 
solar dried and sold as aquaculture feed to generate revenue at $200 tonne-1 [46]. Another 
alternative for the use of left over biomass is its anaerobic digestion to produce methane, 
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which can fulfill the heating requirement, or can be used to generate electricity and the 
nutrients can be recycled to provide overall revenue of $150 tonne-1 [23]. However, in the 
case of milking, the continuous supply of the leftover biomass will not be available and 
anaerobic digestion will add extra capital investment, and it will be unused most of the 
year, further reducing the net revenue generation.  
3.2.13. Discounted cash flow analysis 
The discounted cash flow analysis was used as the profitability criteria to estimate the 
minimum selling price of the product at 10 % internal rate of return and 30-year project 
life. For this analysis, it was assumed that the project would be 40 % equity financed and 
the loan would be taken at 8 % interest for 10 years and paid back in equated annual 
installments [27].  The depreciation was calculated by straight line method under the 
MACRS (Modified Accelerated Cost Recovery System) for a recovery period of 11 years. 
The recovery period of the assets was taken as an average of the recovery periods of the 
similar assets, which is 7 years for biofuel refinery, 10 years for assets used in the 
production of vegetable oil and 15 years for municipal waste water treatment plant 
published by Internal Revenue Service in publication 946 [47]. The federal corporate tax 
rate was assumed to be 35 % [19].   
 Results and discussion   
4.1. Base case economics  
The MSP of the B. braunii hydrocarbons for the base case scenario was found to be $3.20 
L-1.   It is worth to mention here that MSP should not be confused with the production 
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cost which is usually the cost of manufacturing the product before any profit and tax. The 
care must be taken when comparing the results of the techno-economic studies of algal 
fuel production process. The summary of capital and operating expenditure is shown in 
Table 4.  
The distribution of total capital investment and total operating costs (excluding 
depreciation, tax and loan repayment) is shown in Fig. 6 and Fig. 7 respectively. The cost 
of open ponds is the major contributor in direct installed capital. Culture pumping, 
extraction and recovery and land are also significant contributors to direct installed capital 
investment. Labor and dewatering contribute the most to the direct operating cost of the 
project. The complete discounted cash flow can be found in supplementary data. 
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Table 4: Base case economics for milking of B. braunii for repeated hydrocarbon production 
Culture processing rate = 7.15 × 1010 L y-1, Oil production = 7.31 × 106 L y-1 
Project Life = 30 y 
Internal rate of return = 10 % 
 Minimum Selling Price = $3.20 L-1 
Capital expenditure MM$ Operating expenditure MM$ y-1 
Open ponds 16.3 Paddle wheel mixing 0.79 
Inoculum 1.29 CO2 supply 0.26 
CO2 supply  2.87 Culture pumping 0.26 
Culture pumping 8.01 Fresh water supply  0.26 
Water supply 2.81 Filtration (energy and filter 
replacement) 
2.39 
Receiving tanks 0.73 Extraction & recovery 0.25 
Filtration units 0.82 Makeup solvent 0.09 
Extraction & recovery 4.54 Fertilizer (N,P) 0.36 
Drying beds 2.69 Labor  4.41 
Contingencies 8.02 Maintenance 1.28 
Auxiliary facilities 16.04 Miscellaneous* 0.78 
Total fixed capital 64.17 Plant overhead 2.84 
Working capital 3.21 Administration cost 0.85 
Land 4.35 Total operating cost excluding 
depreciation, tax and loan 
repayment 
14.9 
Total capital investment 71.73 
*Operating supplies, laboratory charges, local tax and insurance 
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Fig. 6: Distribution of total capital investment 
 
 
 
Fig. 7: Distribution of total operating cost excluding depreciation, tax and loan repayment 
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4.2. Sensitivity and scenario analysis 
There are lots of uncertainties in the analysis of the milking process in particular and that 
of algae fuel production process in general. The sensitivity of minimum sales price of B. 
braunii hydrocarbons to the assumptions used in the process and the economic models 
has been quantified. The sensitivity bounds are chosen for a range or what is expected to 
be observed. The cost of plastic lined open ponds (high-density polyethylene lining at 
$5.36 m-2 [27]) was also analyzed in the sensitivity analysis. The results of the sensitivity 
analysis have been summarized in Fig. 8. 
 
Fig. 8: Sensitivity of MSP of B. braunii hydrocarbons via milking pathway, $ L-1 
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The most influencing economic parameter is the cost associated with the open ponds. 
Adding HDPE lining to the ponds increases the MSP up to $4.17 L-1. Change in the cost 
of open ponds themselves also has a significant influence on the MSP. Productivity does 
not change the MSP much in this case which is another constraint in the case of the 
conventional method of algal oil extraction [6]. Hydrocarbon contents of B. Braunii and 
the extraction efficiency are the most influencing parameters for MSP of B. braunii 
hydrocarbons via milking pathway. By achieving 75 % extraction efficiency, the MSP 
can be reduced to $2.14 L-1. Similarly, for the increased hydrocarbon contents (60 %), the 
MSP reduces to $2.17 L-1. Botryococcus braunii can produce hydrocarbon contents as 
high as 75 % of dry weight biomass [7] and 70 % hydrocarbon extraction efficiency has 
been reported without destructing the microalgae in a laboratory study [15]. The scenario 
of simultaneous increase (+50 % from the base case) in the extraction efficiency and the 
hydrocarbon contents has been analyzed. By achieving 75 % extraction efficiency for B. 
braunii strain producing 60 % hydrocarbon contents will reduce the MSP down to $ 1.45 
L-1 (see scenario 1 in Fig. 9). 
The significance of the repetitions of hydrocarbon extraction can also be seen in the 
scenario analysis (Fig. 9). Keeping all the assumptions similar to the base case, single 
extraction (as in the case of conventional method) increases the MSP of hydrocarbons up 
to two-fold. However, if the non-destructive nature of the operation is considered the only 
factor responsible for low extraction efficiency, and 90 % efficiency is assumed in the 
case of single extraction with all the other assumptions similar to the base case, MSP 
would reduce to $3.55 L-1. This is still higher than the milking with 50 % extraction 
efficiency (shown in Fig. 9).  
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Table 4: Economic and resource assessment of milking and single extraction of B. braunii 
hydrocarbons 
 Milking Single 
extraction 
Hydrocarbon productiona (MM L y-1) 7.31 7.31 
Land use (ha) 544 1444 
Fresh water consumption (MM L y-1) 11,700 19,500 
CO2 supply (kg y
-1) 7.22 × 107 7.15 × 107 
N demand (kg y-1) 2.73 × 105 2.25 × 106 
P demand (kg y-1) 3.78 × 105 3.12 × 105 
Electrical energy demand (kWh y-1) 3.98 × 107 5.89 × 107 
Thermal energy demand (kWh y-1) 4.26 × 106 4.26 × 106 
Total capital cost (MM$) 71.73 186 
Total operating costb (MM$ y-1) 14.9 28.1 
By product revenue (MM$ y-1) 0.572 5.15 
MSP ($ L-1) 3.20 6.39 
a assuming the extraction efficiency and all other assumptions are same. 
b excluding depreciation, loan repayment and tax 
 
The highlights of the milking versus the single extraction for the similar assumptions have 
been shown in Table 4. Milking has the clear advantage over the single extraction 
regarding the use of resources. The fertilizer consumption is reduced by 88 % omitting 
the need of processing the left over biomass for recycling the fertilizer as in the case of 
the conventional method of oil extraction.  Due to the very low growth of B. braunii, the 
land foot print of single extraction is very high compared to milking. The hydrocarbon 
production for milking is 102 barrel per hectare of open pond area while that for single 
extraction is 38.4 barrel per hectare of open pond area (both with 50 % extraction 
efficiency and base case assumptions). Moreover, due to the slow growth of B. braunii, 
it is at high risk of contamination when growing in open ponds. However, in the case of 
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milking, the growth pond area is about 20 % of the total pond area, which can be covered 
to keep the controlled environment, if required. The rest of the open ponds are not 
supplied with the nutrients which may reduce the risk of contamination in them by the 
lack of nutrients for the other contaminating species. 
 
 
Fig. 9: MSP of B. braunii hydrocarbons for different scenarios 
The results of the techno-economic analysis indicate a great potential of B. braunii for 
algae fuel production though the cost is still high. Further research and development is 
required for reduction in the cost, designing the effective non-destructive extraction 
system and identification of suitable strains of B. braunii with high hydrocarbon contents 
and successful growth in open ponds on a large scale. 
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 Conclusion  
Botryococcus braunii is known to produce high hydrocarbon contents (up to 75 %). 
Among the unique properties of B. braunii is the repeated production of hydrocarbons 
called milking. In this study, we established the economics for milking of B. braunii for 
renewable hydrocarbon production. To achieve a 10 % rate of return, the minimum selling 
price of B. braunii hydrocarbons was estimated to be $3.20 L-1 for the base case 
assumptions.  This cost has significant reduction potential on both engineering and 
biology side by developing the efficient extraction system for non-destructive extraction 
of external hydrocarbons of B. braunii and by identifying its strain with high hydrocarbon 
contents. There is no compromise between the two most influencing economy drivers 
(hydrocarbon contents and the extraction efficiency) and both of them can be 
simultaneously increased. Using B. braunii strains with 60 % hydrocarbon contents and 
achieving 75 % extraction efficiency, the MSP of B. braunii hydrocarbons can be lowered 
to $1.45 L-1. Interestingly, the previous studies showed that at least in the laboratory and 
under controlled conditions, the required hydrocarbon contents and the extraction 
efficiency can be achieved [12]. 
The slow growth of B. braunii is not a major constraint in the case of milking. The 
repetitive extraction reduces the dependence of process economy on the productivity of 
slow growing B. braunii and increases the effective utilization of resources by recycling 
the biomass. It is worth mentioning that milking has not advantage on the single extraction 
of B. braunii only but also on the conventional extraction of other algal species. The 
maximum annual oil production (before considering the extraction efficiency) from 
milking of B. braunii with 40 % hydrocarbon contents and 9 g m-2 d-1 productivity can be 
204 barrel per hectare of open pond area. This is significantly higher than the conventional 
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microalgal oil production with 30 % oil contents and 20 g m-2 d-1 productivity able to 
produce maximum up to 153 barrel per hectare annually [8]. This shows the significant 
potential of B. braunii for the renewable fuel production. The near-term research should 
focus on the finding the B. braunii strains with high hydrocarbon contents suitable for 
milking and achieving the high non-destructive extraction efficiency as well as the 
successful growth of B. braunii and hydrocarbon production from the recycled culture in 
open ponds on a large scale. Given that current fossil fuel prices are very low [48], the 
economics of microalgal biorefinery, in general, is not very attractive today. Keeping in 
mind the global need of CO2 mitigation and rising energy demand in parallel to continued 
research and development in the field, the future of microalgal based biorefinery is not 
very far.  
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Chapter 5: Life cycle analysis 
This chapter has been submitted as “Life Cycle Analysis of Milking of Microalgae for 
Renewable Hydrocarbon Production” to Computers and Chemical Engineering. 
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Life cycle analysis of milking of microalgae for 
renewable hydrocarbon production 
Abstract 
Microalgal mass cultivation have the potential to address two of the major global issues; 
1) the rising energy demand and 2) the increasing global warming. Botryococcus braunii 
is a hydrocarbon producing microalga which can repeatedly produce the hydrocarbons 
after their non-destructive extraction – the process called milking. Botryococcus braunii 
hydrocarbons can be converted to high-quality fuel or used as other high-value products 
(e.g. in cosmetic industry). In this study, we conduct a GHG emission analysis of 
renewable hydrocarbon production from B. braunii via the milking process using the life 
cycle analysis approach. The system engineering models were the inputs for the life cycle 
analysis model. The total-CO2 emissions and the GHG emissions over 100-year time span 
for production of B. braunii hydrocarbons via milking process were estimated to be -0.39 
kg CO2-eq/kg hydrocarbons and -0.90 kg CO2-eq/kg hydrocarbons, respectively. The life 
cycle energy return on investment for the milking process was found to be 1.04 MJ 
produced/MJ fossil energy consumed. GHG emissions for the B. braunii hydrocarbons at 
the refinery gate were estimated to be -0.89 kg CO2-eq/kg hydrocarbons which are 
significantly lower than those of crude oil (0.36 kg CO2-eq/kg crude oil) with the same 
system boundary. Therefore, the production of renewable hydrocarbons from B. braunii 
has a potential to mitigate the global warming by recycling of CO2. A cradle-to-grave 
analysis for the final product with careful consideration of the co-product credit is 
recommended for the determination of the final GHG emission saving potential of the 
renewable hydrocarbons produced by milking of B. braunii. 
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 Introduction 
Carbon dioxide is a constituting component of carbon cycle of the earth. Human activities 
have disturbed the natural cycle of emission and absorption of CO2 between the 
atmosphere, oceans and soil, plants, animals, and microorganisms by not only emitting 
more CO2 into the atmosphere but also by reducing the sinks of CO2 such as by 
deforestation (Salam & Noguchi, 2005; Singh & Ahluwalia, 2013). The use of fossil fuel 
for power generation, transportation, and industrial processes is the major source of CO2 
emissions by human activities. The power plants and transportation contributed up to 35 
% and 32% of the total CO2 emissions of US in 2015, respectively (EPA).  
Microalgae are one of the potential resources which offer a solution for CO2 mitigation 
and global energy demand. Microalgae utilize sunlight, water, CO2 and some other 
nutrients mainly nitrogen and phosphorous to produce organic compounds. They can be 
grown on non-arable land, unsuitable for food crops (Chisti, 2007). Microalgae can be 
utilized to produce biofuel, human and animal nutrients, cosmetics and pharmaceutical 
products (Brennan & Owende, 2010).  
Microalgal fuel recycles the CO2 (Campbell et al., 2011). Based on the Redfield ratio 
(C106H263O110N16P), carbon is the most important nutrition for microalgae growth and up 
to 50 % of algal biomass is made of carbon (Moheimani et al., 2013b). To achieve high 
biomass productivity, almost all algal culture requires the addition of CO2 (Fon Sing et 
al., 2013; Moheimani, 2016). Some microalgal species including Scenedesmus and 
Botryococcus braunii can be grown efficiently by utilizing the direct flue gases from the 
power plant as the C source (Brennan & Owende, 2010). The use of flue gases for the 
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growth of microalgae fixes the CO2 resulted from the combustion of fossil fuels in power 
plants before it goes to the atmosphere and the fast growth of microalgae absorbs the CO2 
at a faster rate than higher plants (Singh & Ahluwalia, 2013).  
Amongst the known microalgal species, Botryococcus braunii is the highest oil producing 
but a slow-growing alga. Botryococcus braunii is known to produce long-chain 
hydrocarbons in the extra-cellular matrix in contrast to the other microalgal species which 
produce intracellular lipids. The types of hydrocarbons produced depend on the race of 
B. braunii. Race A produces n-alkadienes (C23-C33), race B produces triterpenoids such 
as Botryococcenes (C30-C37) and methylated squalenes (C31-C34), and race L produces 
single tetraterpenoids (Lycopadienes) (Eroglu & Melis, 2010). The elemental 
composition of B. braunii hydrocarbons (86.38 % C, 11.96 % H, 0.17 % N, 1.1 % O and 
<1 % S) and their higher heating value (49MJ/kg) are very close to those of fossil crude 
oil (Chaudry et al., 2015a; Dote et al., 1994). These hydrocarbons can not only be 
converted to high-quality fuel such as jet fuel, gasoline and diesel by catalytic cracking 
(Hillen et al., 1982; Jin et al., 2016; Murata et al., 2014) but also can be used in other 
industries such as cosmetics (Huang et al., 2009). Furthermore, due to the fewer 
impurities present in oil and less complicated than the fossil crude oil mixture, it is 
anticipated that refining of algal hydrocarbons is less energy intensive than the crude 
fossil oil. However, in spite of producing hydrocarbons similar to the fossil fuel, the low 
productivity of B. braunii makes it an unsuitable source of raw material for low-grade 
biofuel production (e.g. renewable diesel). It is to be noted that due to high cost, even fast 
growing, high oil producing algal to biofuel production is currently not feasible.  
Besides producing the extracellular hydrocarbons, B. braunii has some other unique 
properties. The extracellular hydrocarbons of B. braunii can be extracted without 
 
142 
 
destructing the microalgae cells and colonies using biocompatible solvents – the process 
called non-destructive extraction or milking. After non-destructive extraction, if returned 
under growth conditions, B. braunii are able to reproduce the hydrocarbons without any 
extra supply of fertilizers (Chaudry et al., 2015a; Frenz et al., 1989; Moheimani et al., 
2013a; Moheimani et al., 2013b). The milking of B. braunii does not only significantly 
reduce the fertilizer requirement of the process (by 90 %) (Chaudry et al., 2015b) but also 
reduces the requirement of fast growth of microalgae, a bottleneck of using slow growing 
B. braunii in the conventional single extraction process. Utilizing the flue gas from the 
power plant for microalgae growth for the renewable hydrocarbon production will 
mitigate the global warming by creating the CO2 sink by direct utilization of CO2 emitting 
from the power plants (Fon Sing et al., 2013).  
Resource assessment, techno-economic analysis, and life cycle analysis have been used 
as the foundation tools for evaluating the feasibility of biofuels in the previous studies. 
The technical and economic feasibility and the constraints of the milking process for 
renewable hydrocarbon production have been determined in the previous studies based 
on the energetic feasibility and techno-economic analysis (Chaudry et al., 2017, 2018).   
The objective of this study is to examine the environmental impacts of the newly proposed 
algal hydrocarbon production system. The life cycle analysis has been used as a premier 
tool to assess the environmental impacts of algal fuels on the metrics of GHG emissions 
and/or the energy return on investment or net energy ratio. In this study, GHG emissions 
and fossil fuel consumption analysis have been performed for the hydrocarbon production 
from B. braunii via milking method using life cycle analysis approach – accounting for 
all the direct and indirect emissions and fossil fuel consumption occurring along the 
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production chain. The emissions of raw algal hydrocarbons produced via milking process 
have been compared with those of crude oil. 
 Methods   
The process engineering models consisting of mass and energy balances for the different 
stages of the process formed the basis for the life cycle analysis model. Milking of B. 
braunii comprises of 4 main stages; 1) growth of microalgae, 2) harvesting and 
dewatering, 3) oil extraction and 4) solvent recovery similar to the conventional oil 
extraction process (Fig. 1). However, unlike the conventional process, milking does not 
involve any cell disruption prior to oil extraction and the extraction is carried out with 
biocompatible solvents (such as heptane and hexane) only to keep the process non-
destructive for algal cells and colonies. The algal biomass after the oil extraction in 
milking is recycled for the repetitive production of hydrocarbons. This is also in contrast 
to the conventional process in which after extracting the oil from algae only once, the left 
over biomass is used either in anaerobic digestion to produce gaseous fuel to generate 
heat and electricity or sold as animal/aquatic feed. B. braunii can be recycled multiple 
times and do not need any extra fertilizer to reproduce the hydrocarbons (Moheimani et 
al., 2013a; Moheimani et al., 2013b).  
In this study, the engineering models (presented in detail in our previous study (Chaudry 
et al., 2018)) considered open ponds for the growth of fresh microalgae and for the 
hydrocarbon production from recycled microalgae. The productivity and hydrocarbon 
contents of B. braunii were estimated to be 9 g m-2 d-1 and 40 % DW (dry weight), 
respectively. Each batch of culture grown was considered to replenish the hydrocarbon 
contents in five days in hydrocarbon production ponds after each extraction up to nine 
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times. The culture was assumed to be concentrated (dewatered) using rotating filters from 
0.5 g/lit to 75 g/lit prior to oil extraction. Oil extraction was considered using heptane in 
KARR column extractor and a distillation column was used for the process of solvent 
recovery. The raw hydrocarbons were assumed to be sent to the refinery and the left over 
algal biomass, after nine extractions, was considered to be sold as aquaculture feed. A 
simple block diagram of the process is shown in Fig. 1. The onsite material and energy 
consumption of the process is shown in Table 1. A detailed block diagram along with the 
flow rates of each stream can be found in the supplementary data. Further details of the 
engineering model are presented in our previous study (Chaudry et al., 2018). 
 
 
Fig. 1: The block diagram of milking process for renewable hydrocarbon production 
(Chaudry et al., 2018)  
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Table 1: Onsite material and energy consumption of the milking process for the production 
of 1 kg of B. braunii hydrocarbons 
Energy consumption Electricity* 
(kWh) 
Heat 
(kWh) 
Open pond mixing 1.23  
Fresh-water supply  0.42  
CO2 supply and distribution  0.40  
Culture pumping  0.42  
Dewatering 3.67  
Oil extraction and recovery  0.04 0.66 
Material consumption (kg) 
Nitrogen fertilizer (NaNO3) 0.23  
Phosphorous fertilizer (DAP) 0.03  
CO2 supply 11.22  
Makeup solvent  0.03  
*Note: All electricity consumption includes 10 % line losses (Peters & Timmerhaus, 1991).    
The outputs of the engineering model were the inputs for the life cycle analysis model. 
The life cycle emissions and fossil energy data were obtained from GREET (Greenhouse 
Gases, Regulated Emissions, and Energy Use in Transportation) model developed by 
Argonne National Laboratory (see https://greet.es.anl.gov/). The total-CO2 emissions, the 
GHG-100 emissions over the 100-year lifespan and the life cycle fossil energy 
consumption were calculated. The total-CO2 emissions are the total amount of CO2 
including the equivalents from VOC (volatile organic carbon) and CO (carbon 
monoxide). GHG-100 emissions are the total emissions for CO2, methane and nitrous 
oxide with their global warming potentials (1, 25, and 298 kg CO2-eq respectively, based 
on a 100-year time window) (Weinberg et al., 2012). The life cycle fossil energy 
consumption was calculated as the total direct and indirect fossil energy consumption of 
the process including the upstream. 
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2.1. System boundary 
The goal of this study was to estimate the emissions related to the production of B. braunii 
hydrocarbons via milking and their transport to a U.S. refinery. The GHG emissions of 
these renewable hydrocarbons are compared with the fossil crude oil with the same 
system boundary. The well-to-wheel life cycle stages for any liquid fuel comprises of oil 
production/extraction of oil, transport to the refinery, refinery treatment, transport and 
distribution to pumps, and combustion in the vehicle (shown in Fig. 2). However, as this 
study focuses on the process of hydrocarbon extraction from microalgae, the system 
boundary was defined from well-to-use (also shown in Fig. 2). The algal hydrocarbons 
can be upgraded to the fuel in the refinery or utilized to produce the other fuel based 
products; therefore, the upgrading stage was intentionally excluded from the system 
boundary. The system boundary considered for the analysis in this study includes 1) the 
complete hydrocarbon production process comprising of growth of microalgae/ 
hydrocarbon production from the recycled microalgae, harvesting and dewatering of 
microalgae, and hydrocarbon extraction and recovery (as shown in Fig. 1) and 2) transport 
of algal hydrocarbons to the refinery. For the reference system, the same system boundary 
was considered i.e. crude oil recovery and transport to the refinery.  
The total well-to-use emissions for the system were calculated as the sum of the net 
emissions for the hydrocarbon production process and the emissions of the hydrocarbons 
transport to U.S. refineries.  The net emissions calculation for the B. braunii hydrocarbon 
production process is shown in Fig. 3. 
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Fig. 2: Well-to-wheel Life Cycle boundary of fuel. The dashed lines show the boundaries 
considered for the analysis in this study. The detailed algal hydrocarbon production process 
is shown in Fig. 1. 
 
Fig. 3: Net emission calculations for B. braunii hydrocarbon production process from 
growth to oil extraction 
All upstream emissions associated with the acquisition of energy and materials required 
for the production of hydrocarbons are included in the analysis. No construction-related 
emissions are included within the scope of this study. Moreover, the environmental 
effects related to the human force involved (transport, food, living) were not considered. 
The displaced product credit and the growth credit are explained in sections 2.2 and 2.3, 
respectively. The transportation of B. braunii hydrocarbons to the refinery was considered 
600 miles by rail, similar to that used in the model of transportation of algal oil to US 
refinery in GREET. The transportation of algal oil does not make any significant 
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contribution; the results for the hydrocarbon production process (this boundary is also 
shown in Fig. 2) have been reported in detail.  
2.2. Co-product credit 
In life cycle analysis, co-products can be treated with the allocation method based on 
mass, energy, volume or market value or the displacement method. The allocation method 
allocates the feedstock use, energy use and the emissions between the primary product 
and the co-products on the basis of mass, energy content or the economic revenue (Huo 
et al., 2009). Each allocation method is associated with the benefits and disadvantages 
(Cherubini, 2010). The other method of considering the co-product is the displacement 
method which expands the system boundary to include the production of the co-products 
by other means that would theoretically be avoided as a result of the production of the co-
products by the primary process being modelled (Cherubini, 2010; Huo et al., 2009). The 
International Organization for Standardization (ISO) suggests avoiding the allocation 
method for co-product by expanding the system boundary when possible (Ekvall & 
Finnveden, 2001). Therefore, this study considered the displacement method. The left 
over microalgae after the specific number of extractions was considered to replace the 
soybean meal (SBM) for the aquatic life. The displaced product credit was calculated as 
 𝐶𝑟𝑒𝑑𝑖𝑡𝑑𝑖𝑠−𝑝𝑟𝑜𝑑𝑢𝑐𝑡 = 𝑟𝑑𝑝. 𝑚𝐿𝐸𝐴 . 𝐸𝑚𝑆𝐵𝑀 (1) 
Where, mLEA, is the amount of co-product produced per functional unit and, rdp, is the 
displacement ratio of the product. 
 The displacement ratio (rdp) of the SBM to the lipid extracted algae depends upon the 
nutritious value of lipid extracted algae (LEA) as the aquatic feed (Huo et al., 2009). 
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There is limited data available on the use of LEA in aquaculture in general and no data is 
available for the use of B. braunii left over after milking, in particular. This study assumed 
0.68 Kg of SBM is replaced with each Kg of LEA based on a previous study which 
estimated the price of LEA as $200/ton as compared to $294/ton for SBM based on the 
performance of LEA as aquatic feed with the soybean meal (Ivey & Wilkersham, 2014). 
A sensitivity analysis is performed around this parameter. 
2.3. Growth credit 
The flue gas from the power plant is utilized as C source for microalgae growth and 
hydrocarbon production from recycled algae. This CO2 will be emitted to the atmosphere 
if not captured in microalgal biomass. and can be considered as a credit to the emissions 
of the process. The onsite carbon balance is shown in Fig. 4.  
Fig. 4: Onsite carbon balance 
The carbon credit by CO2 absorbed in algal biomass and hydrocarbon was measured by 
calculating the C fixed in all the products and by products including losses (see equation 
2). 
 
𝐶𝑟𝑒𝑑𝑖𝑡𝑔𝑟𝑜𝑤𝑡ℎ = ( ∑ 𝑋𝑐,𝑝𝐴𝑝
𝑝∈𝑃
+  𝑋𝑐,𝑙𝑜𝑠𝑠𝐴𝑙𝑜𝑠𝑠 ) ∗ 𝑀𝐶𝑂2/𝑀𝐶 (2) 
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where, P represents the group of products and coproducts, Xc,p and Xc,loss are the mass 
fractions of C in the product/coproduct and lost biomass, Ap and Aloss are the amounts of 
product/coproduct and the lost biomass, MCO2 and Mc are the molecular/atomic weights 
of CO2 and C. 
2.4. Energy return on investment 
The life cycle fossil energy consumptions for the hydrocarbon production process was 
calculated in a similar way as the emissions; including all the upstream fossil energy 
consumption associated with the acquisition of energy (electricity and heat) and material 
(fertilizer and solvent) required for the hydrocarbon production process as shown in Fig. 
5. 
 
Fig. 5: Calculation for the life cycle fossil energy consumption of the process 
Co-product credit for fossil energy consumption was calculated in the similar way as the 
emission credit i.e. fossil energy avoided by the coproduct replacement otherwise 
consumed for the production of the replaced product was considered as credit. The energy 
return on investment (EROI) was calculated as follows. 
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𝐸𝑅𝑂𝐼 =
𝐻𝐻𝑉 𝑜𝑓 𝑡ℎ𝑒 𝐵. 𝑏𝑟𝑎𝑢𝑛𝑖𝑖 ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑁𝑒𝑡 𝑙𝑖𝑓𝑒 𝑐𝑦𝑐𝑙𝑒 𝑓𝑜𝑠𝑠𝑖𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑐𝑒𝑠𝑠
 (3) 
The HHV (higher heating value) of the B. braunii hydrocarbons was reported to be 49 
MJ/Kg hydrocarbons (Chaudry et al., 2015a; Jin et al., 2016). 
 Results and discussion 
3.1. GHG emissions  
The net CO2 emissions and GHG-100 emissions for the production of B. braunii 
hydrocarbons, after considering the growth and displaced product credits, were found to 
be -0.39 kg CO2/kg hydrocarbons and -0.90 kg CO2-eq/kg hydrocarbons, respectively. 
The CO2 absorbed by the biomass in the growth and hydrocarbon production ponds is 
nearly 35 % of the total CO2 fed to the ponds (calculated by onsite carbon balance). It 
was assumed that 80 % of the CO2 is taken up by the algae in growth ponds. For the 
hydrocarbon production, the similar amount of CO2 was assumed to be supplied to 
maintain the performance of microalgae cells, and hydrocarbon production, however, the 
theoretical requirement of carbon for hydrocarbon production is lower causing the release 
of a higher percentage back into the atmosphere. The emissions of the process and the 
credits are shown in Table 2. 
The distribution of net total-CO2 emissions and GHG-100 emissions for the production 
of B. braunii hydrocarbon production process are shown in Fig. 6. Dewatering energy 
contributes the most to the emissions of the process. GHG-100 credit for the replacement 
of soybean meal with the lipid extracted algae is significantly higher than the total-CO2 
credit.  
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Table 2: The total-CO2 and GHG-100 emissions for B. braunii hydrocarbon (HC) 
production process 
 
Total 
emissions 
Growth 
credit 
Displaced 
product 
credit 
Net 
emissions 
Total-CO2, kg CO2/kg HC 3.59 -3.93 -0.05 -0.39 
GHG-100, kg CO2-eq/kg HC 3.82 -3.93 -0.79 -0.90 
 
 
Fig. 6: Contribution to total-CO2 emissions and GHG emissions over 100-year time frame 
for B. braunii hydrocarbons production process 
The well-to-use emissions of the process (all the upstream emissions of the B. braunii 
hydrocarbons at the refinery gate) and the reference process are shown in Fig. 7. Transport 
of algal hydrocarbons to the refinery has no significant contributions to the emissions. 
Production of algal hydrocarbons recycles the CO2 in contrast to the extraction of fossil 
crude oil which emits CO2. It is worth to mention that the actual GHG emission savings 
by the use of B. braunii hydrocarbons are not only those mitigated by the algal 
hydrocarbons (-0.89 kg CO2-eq/kg hydrocarbons – well-to-use emissions of algal 
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hydrocarbons) but also those avoided otherwise generated by the crude oil extraction 
(0.36 kg CO2-eq/kg crude oil). For the well-to-wheel life cycle emissions, the downstream 
emissions associated with the upgradation of hydrocarbons, transport and distribution and 
vehicle operation would be included. Anticipating that the transport and distribution and 
the vehicle operation will generate the same emissions for the both (crude oil and B. 
braunii hydrocarbons), the final GHG emission savings by the use of algal hydrocarbons 
will be determined by the upgradation process (mainly its energy consumption). The 
previous studies have shown that the conversion of algae oil to fuel does not contribute 
much to the total energy consumption of the process (Clarens et al., 2010; Weinberg et 
al., 2012). In particular, the B. braunii hydrocarbons have a very low concentration of 
nitrogen and no or negligible Sulphur, and the types of hydrocarbons present in B. braunii 
oil are limited as mentioned earlier. Therefore, it can be anticipated that the conversion 
of B. braunii hydrocarbons to high-quality fuel will be less energy consuming than the 
refining of fossil crude oil containing significant impurities and complex mixture of 
hydrocarbons.  
 
Fig. 7: Well-to-use emissions of the B. braunii hydrocarbon production process and the 
reference process 
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Milking process yields a different product (hydrocarbons) than other algal fuel production 
processes (such as conventional wet extraction, hydrothermal liquefaction, and pyrolysis 
etc.) which produce algal lipids that are converted to biodiesel. Therefore, due to the 
different types of product produced and the difference in the system boundaries 
considered for the analysis, the GHG emissions presented in this study cannot be directly 
compared with the well-to-pump GHG emissions of the other algal fuel products 
presented in the literature. However, keeping in mind that conversion of algal lipids to 
fuel and their transport and distribution does not contribute significantly towards the total 
emissions of the process and growth of microalgae and oil recovery are the major 
influencing stages of the algal fuel production processes (Bennion et al., 2015), it is worth 
to compare the GHG emissions of milking process per MJ of energy produced to those of 
other processes. The GHG emissions reported for the other processes in the literature also 
vary due to the differences in assumptions as shown in Fig. 8. It should be noted that 
GHG emissions of the milking process (-18.4 g CO2-eq /MJ of B. braunii hydrocarbons, 
converted from -0.90 kg CO2-eq/kg B. braunii hydrocarbons) are comparable with those 
of other algal fuel production processes reported in the literature. It is worth to mention 
here that milking process has low emissions without onsite energy generation which is a 
key to low GHG emissions for the conventional process (E. D. Frank et al., 2011). 
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Fig. 8: The well-to-pump GHG emissions for microalgae to biofuel as reported in the 
literature. “This study” in the figure refers to the study by Bennion et al. 2015, taken from 
(Bennion et al., 2015). 
3.2. Fossil energy consumption 
The total direct and indirect (life cycle) fossil energy consumption for the B. braunii 
hydrocarbon production process is shown in Table 3. The energy return on investment 
(EROI) for the B. braunii hydrocarbons was found to be 1.04 MJ produced/MJ of fossil 
energy consumed. It should be noted here that the onsite energy return of the process is 
almost double (nearly 2 calculated in our previous study (Chaudry et al., 2017)) than the 
life cycle energy return calculated in this study. The major indirect fossil energy 
consumption is associated with the electricity obtained from the grid. The energy 
consumption for the transport of the process is negligible as compared to the energy 
consumption of the hydrocarbon production process. The distribution of the total life 
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cycle fossil energy consumption excluding any co-product credit for the B. braunii 
hydrocarbon production process is shown in Fig. 9.  
Table 3: Life cycle fossil energy consumption for the algal hydrocarbon (HC) production 
via milking process 
Total life cycle fossil energy 
consumption, MJ/Kg HC 
Displaced product 
credit, MJ/Kg HC 
Net life cycle fossil energy 
consumption, MJ/kg HC 
47.96 0.69 47.27 
 
 
Fig. 9: Distribution of total life cycle energy consumption of algal hydrocarbon production 
via milking process 
Dewatering is the most energy consuming step of the process. Some of the B. braunii 
strain has the tendency to float on the surface (Chaudry et al., 2017). The natural floating 
phenomenon can be used as 1st dewatering step (prior to the filtration) to reduce the 
energy of filtration. Experimental investigation of floating phenomenon of B. braunii 
strains suitable for milking is recommended. 
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The well-to-pump energy ratio (output/input) of different pathways of conventional algal 
fuel production process (utilizing fast-growing algal species) reported in the literature 
vary between 0.4-2 (Bennion et al., 2015). This variation in literature is not only because 
of the difference of pathways but also due to the difference in process model assumptions 
for the similar pathways. The fossil energy consumption of the conventional algal fuel 
processes is significantly affected by the onsite renewable energy generation using left 
over algal biomass after the oil extraction either in anaerobic digestion or catalytic 
gasification (E. Frank et al., 2013; E. D. Frank et al., 2011). For example, lipid extraction 
pathway has energy ratio (output/input) of 0.39 based on total energy consumption and 
1.82 based on fossil energy consumption (total minus renewable energy mainly from left 
over biomass) (E. D. Frank et al., 2011). On the other hand, this study did not consider 
any onsite energy generation mainly because milking does not produce left over biomass 
continuously due to its recycling and the only small amount is available after multiple 
uses. This indicates that milking process is overall less energy consuming than 
conventional process but its fossil energy consumption is higher due to the absence of 
onsite renewable energy. In the future, it would be beneficial to analyse the milking 
process coupled with some other renewable energy source for example fast-growing algae 
dedicated to generate onsite energy as an option for the better fossil energy consumption 
scenario. 
3.3. Sensitivity analysis 
The sensitivity analysis was performed to quantify the effect of the assumption of 
productivity and hydrocarbon contents of B. braunii used in process models and the 
displacement ratio used in the calculation of displaced product credit on the emissions 
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and energy return of the hydrocarbon production process. The emissions and fossil energy 
consumption of the milking process slightly change with the change in productivity of B. 
braunii (see Fig. 10) indicating that productivity does not have a major influence on 
milking process. However, the hydrocarbon contents of B. braunii have more influence 
on emissions and fossil energy consumption of the process (see Fig. 11). The milking of 
B. braunii with 50 % lower hydrocarbon contents than the base case (40 % dry weight) 
will emit more CO2 and GHG gases than the CO2 sequestrated by the microalgae grown 
during the process resulting in positive net emissions. 
The displacement ratio used in the calculation of credit generated by the displaced credit 
(SBM) does not affect the total-CO2 emissions and energy return on investment of the 
process significantly as the life cycle energy consumption and CO2 emissions of soybean 
meal are not very high. However, the GHG-100 emissions of the process are significantly 
affected by the assumption of the displacement ratio indicating that the credit added by 
displacing the soybean meal with the co-product of the process (lipid extracted algae) 
plays a significant role in determining the GHG saving potential of renewable 
hydrocarbons (see Fig. 12). The actual displacement ratio for displacing the aquatic feed 
with the B. braunii biomass after the repeated hydrocarbon extraction should be 
determined in the future for a more realistic co-product credit of the process.  
Milking of B. braunii was also compared with the single extraction (no recycling of 
biomass as in case of conventional extraction) with all other assumptions similar to the 
base case of milking. Energy return on investment is higher for milking than the single 
extraction. Single extraction with base case assumptions is more beneficial than milking 
in terms of CO2 sequestration (see Fig. 13). In case of single extraction, more biomass is 
grown leading to the higher amount of carbon fixed in the biomass and more co-product 
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is produced adding higher displaced product credit to the emissions of the process. 
However, realistically the market of the big amount of left over algae after every single 
extraction is another challenge which needs to be considered. Another option is to use the 
left over algae for onsite heat/power generation via anaerobic digestion instead of selling 
it as aquatic feed. In that case, the emissions generated onsite will be considered as 
biogenic emissions and emission associated with the purchased power will be avoided 
and the C fixed onsite will be only that present in extracted oil and anaerobic digestate. 
 
Fig.10: Effect of productivity of B. braunii on emissions and energy return of hydrocarbon 
production process via milking 
 
Fig. 11: Effect of hydrocarbon contents of B. braunii on emissions and energy return of 
hydrocarbon production process via milking 
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Fig. 12: Sensitivity analysis for the effect of changes in the displacement ratio used in the 
calculation of displaced product credit on the emissions and the energy return of the 
hydrocarbon production process 
 
Fig. 13: Comparison of emissions and energy return on investment for algal hydrocarbon 
production via milking and the single extraction 
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 Conclusion  
This study aimed to analyze the environmental impacts of renewable hydrocarbons 
produced by milking of B. braunii. The total-CO2 emissions and GHG-100 emissions for 
production of B. braunii hydrocarbons were estimated to be -0.39 kg CO2-eq/kg 
hydrocarbons and -0.90 kg CO2-eq/kg hydrocarbons, respectively. The energy return on 
the fossil energy consumption was found to be 1.04 MJ produced/MJ fossil energy 
consumed. The dewatering of microalgae is the major contributor to the total energy 
consumption and emissions of the hydrocarbon process. The natural floating phenomenon 
of B. braunii should be tested for the strains selected for milking. If applicable, floating 
phenomenon can significantly improve the energy return and GHG emissions of the 
process by reducing the energy requirement for dewatering. The contribution of the 
transport of hydrocarbons to the total energy consumption and emissions associated with 
the product at the refinery gate is almost negligible as compared to that of the hydrocarbon 
production process. The conversion of algal hydrocarbons to the useful form of energy 
was intentionally excluded from this study. However, it is anticipated that the conversion 
of algae oil to fuel is relatively less energy demanding than the conventional crude oil due 
to the narrow range of hydrocarbons and low nitrogen and sulphur contents making it 
likely to further increase the environmental benefits of algal fuel over the fossil fuel. 
Furthermore, the algal hydrocarbons can not only be used as alternative fuel but also as 
the alternative raw material for other fossil-based products. A complete cradle-to-grave 
analysis for the final product along with the careful consideration of the co-product should 
be performed to anticipate the clearer picture of environmental benefits of the use of algal 
hydrocarbons against the fossil oil. Moreover, the higher hydrocarbon contents are the 
key to energetically positive and environmentally beneficial milking process. B. braunii 
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strains able to repeatedly produce higher hydrocarbon contents after milking should be 
identified to get the advantage of the process. In comparison to the other conventional 
processes (utilizing fast-growing algal species), milking has the benefit of lower total 
energy consumption. However, lack of biomass for onsite renewable energy generation, 
fossil fuel consumption of milking is high. Optimizing the milking process for fossil 
energy consumption and, coupling it with another renewable energy source such as solar 
energy, would be beneficial in the future studies. Also, a pilot plant study is recommended 
for the verification of the assumptions used in the process models. 
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Section III: General Conclusion  
Foreword 
Section II presented the analysis of milking of B. braunii as a pathway of algal fuel 
production. All the previous chapters of this thesis were independent publications 
discussing the methods and results in detail. The major outcomes drawn from each 
chapter which are most relevant to the potential of milking of B. braunii as a pathway of 
algal fuel production are summarized in Chapter 6. The future research and development 
needs for further progress in milking process identified on the basis of results and 
conclusions of the previous chapters in the thesis are summarized in Chapter 7.  
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Chapter 6: Major outcomes of the project 
The objective of this study was to design and analyze the process of milking of B. braunii 
on economic and environmental metrics to determine its potential as a pathway for 
renewable hydrocarbon production. Below are the major outcomes drawn from each of 
the previous chapters most relevant to the objectives of the study.  
 Outcomes of Chapter 1 
The review of the literature on different pathways of processing of wet microalgal 
biomass for fuel production was conducted. Different pathways including hydrothermal 
liquefaction (HTL), conventional wet extraction and milking (repetitive extraction) were 
compared for the product quality and yield, nutrient recovery, GHG emissions, energy, 
and cost. The review of literature highlighted the following important points. 
I. Milking of B. braunii has the advantage of high product quality due to the 
production of hydrocarbons having elemental composition closer to the fossil 
fuel with very low nitrogen and oxygen contents. These hydrocarbons can be 
hydrocracked to high-quality fuel (gasoline, diesel and aviation fuel) in any 
existing oil refinery. 
II. The theoretical maximum oil yield (on the basis of dry weight of algal 
biomass) is higher for milking and HTL pathways (35% and 37%, 
respectively) than wet extraction pathway (25%). 
III. Milking process has the ability to utilize the nutrients more efficiently by 
recycling of microalgae culture for repeated production of hydrocarbons. This 
eliminates the need for the treatment of algal biomass to recover the nutrients 
after the oil extraction in milking process. This is in contrast to conventional 
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wet extraction and HTL pathways, in which nutrients recovery is essential for 
energetically feasible and environmentally friendly fuel production.  
IV. The production cost of algal oil estimated in various previous studies 
considering HTL and wet extraction pathways range between US$0.36 L-1 to 
US$16.08 L-1. These studies vary in the model assumptions and system 
boundaries used for the analysis. In a harmonization study, the production cost 
of algal fuel was reported as US$3.23 L-1. 
V. The energy output to input ratio estimated for HTL and wet extraction 
pathways in previous studies range between 0.8 to 3.3 with one study reporting 
7.1. All of those studies differ in system boundaries and model assumptions. 
VI. Milking of B. braunii has not been considered in any techno-economic or life 
cycle analysis studies previously.  
 Outcomes of Chapter 2 
The literature review identified the need for techno-economic and environmental 
assessment of milking of microalgae as a renewable fuel production pathway. The first 
step towards the design and analysis of milking process for the commercial scale 
production of B. braunii hydrocarbons was the selection of the most suitable technologies 
for each stage of the process. The technologies were selected using energetic feasibility 
analysis in two stages; 1) selection of the dewatering technology (chapter 2) and 2) 
selection of the combination of technologies (flowsheet) (chapter 3). The energetic 
feasibility analysis was performed using superstructure optimization technique with an 
objective function of maximizing the net energy gain of the process. In the feasibility 
analysis for the dewatering technologies (chapter 2), the technologies were first screened 
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for their suitability for a non-destructive operation. The dewatering technology options 
selected for the analysis into this study include self-cleaning disk stack centrifuge, nozzle 
discharge centrifuge, cylindrical sieve rotator filter, belt filter press, vibratory screen filter 
and electro-flotation. Skipping the dewatering of microalgae prior to extraction was also 
analyzed. This study concludes the following points. 
I. All filtration options are energetically feasible with the cylindrical sieve 
rotation filter as the most feasible option. Neither of centrifuge or electro-
flotation results in an energetically positive process. 
II. The choice of the dewatering technology is dependent on the efficiency of the 
downstream extraction process and vice versa. For an extraction process (with 
the extraction efficiency of 30 % – 70 %) with the low solvent consumption 
(solvent to culture ratio = 1/5 and lower), cylindrical sieve rotator filter is the 
most suitable option. However, if high solvent to culture ratio (1/1) is required 
for an efficient extraction process (more than 50 % extraction efficiency), belt 
filter press is the most suitable option as it results in high concentration, thus 
decreasing the quantity of culture. However, belt filter press, although 
considered in this analysis, is not likely to be suitable for a non-destructive 
operation for all the strains of microalgae due to the high pressure used for 
filtration.  
 Outcomes of Chapter 3 
For the flowsheet formulation, a superstructure was generated with all the technology 
options (screened for the non-destructive process) (Chapter 3). The superstructure had 56 
possible routes with two technologies for growth and hydrocarbon production (open 
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ponds and flat plate photobioreactor), seven technologies for dewatering stage (similar to 
Chapter 2), one option for oil extraction (bio-compatible solvent extraction), and two 
options for the solvent recovery (distillation and a combination of nanofiltration and 
distillation). A new strategy was developed to solve the optimization problem without the 
use of mixed integer nonlinear programming. To obtain single technology as the optimum 
option for each stage without the use of mixed integers, the new decision variables were 
introduced subject to the lower and upper bounds of 0 and 1. The optimality was ensured 
by solving the models of each flowsheet for the objective function individually and then 
comparing the results with those obtained from the solver using the optimization strategy. 
Below are the important conclusions drawn from the superstructure optimization analysis. 
I. Open ponds for growth and hydrocarbon production, cylindrical sieve rotator 
filter for dewatering, and combination of nanofiltration and distillation for 
solvent recovery were found to be the most feasible combination of 
technologies with an energy ratio (energy contents of extracted hydrocarbons/ 
total energy input to the process) of 2.05. 
II. The other technology options were also ranked for their energetic feasibility. 
III.  The flow sheet with flat plate photobioreactor for growth and hydrocarbon 
production resulted into energy ratio of less than 1 indicating that flat plate 
PBR is not a feasible option for the growth of microalgae and hydrocarbon 
production in the milking process.  
IV. The flowsheet with distillation for solvent recovery had an energy ratio of 1.96 
slightly lower than that in case of nanofiltration. However, nanofiltration is a 
relatively new technology and lacks sufficient information. 
V. Extraction efficiency, hydrocarbon contents, and culture concentration of 
open ponds are the most influencing parameters for the energetic feasibility of 
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the milking process. Higher extraction efficiency (70 %), higher hydrocarbon 
contents of B. braunii (60 % DW), and higher culture concentration in open 
ponds (1g/lit) increase the energy ratio of the process to 2.87, 3.08 and 3.43, 
respectively. 
VI. The productivity of B. braunii does not have any significant effect on the 
energy consumption of the process. 
VII. Dewatering is the most energy consuming step of the process followed by 
open pond mixing. Previous studies have shown that some strains of B. braunii 
have a natural tendency to float. If that phenomenon is utilized as primary 
dewatering step followed by the filtration, the energy consumption of the 
process can be significantly reduced.  
VIII. Successful growth of B. braunii in open ponds, high hydrocarbon contents of 
B. braunii, and efficient filtration and extraction processes are the key to 
energetically feasible milking process. 
 Outcomes of Chapter 4 
Techno-economic analysis of milking process was performed in Chapter 4. Based on the 
technologies identified in previous chapters, a final flowsheet was selected with the most 
feasible technology options for each stage of the process except for the solvent recovery 
stage. For solvent recovery stage, nanofiltration was replaced with distillation due to the 
lack of technical and economic data for nanofiltration of system under consideration. For 
the non-destructive extraction with bio-compatible solvent, an extraction equipment 
(KARR column) was proposed.  The plant layout and the working schedule of growth 
and hydrocarbon production ponds were proposed. Nine repetitions for the use of culture 
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for hydrocarbon extraction were proposed based on the maximum utilization of the open 
pond area. The left over biomass, after nine extractions, was assumed to be sold as aquatic 
feed. The process models were developed comprising of material and energy balances, 
and design equations. Discounted cash flow analysis was used as the profitability criteria 
to determine the minimum sales price of B. braunii hydrocarbons at 10 % internal rate of 
return of the company. This rate was assumed based on the previous techno-economic 
studies on algal biorefineries (cited in Chapter 4). Following are the major outcomes of 
the techno-economic study of the milking process. 
I. The minimum sales price (MSP) for the base case scenario was estimated to 
be US$3.20 L-1. It should be cautioned here that the MSP is not the same as 
minimum production cost. Minimum production cost is the breakeven cost, 
which does not consider any rate of return of the company and is lower than 
the MSP. 
II. The cost of open ponds is the major contributor to the direct installed capital. 
III. Direct labor followed by plant overhead and dewatering contribute the most 
to the direct operating cost of the project. 
IV. Hydrocarbon contents of B. braunii and the extraction efficiency are the major 
economy drivers of the process. By achieving 75 % extraction efficiency (in 
contrast to 50 % assumed in the base case), the MSP can be reduced down to 
US$2.14 L-1. Similarly, for higher hydrocarbon contents (60 % DW), the MSP 
reduces to US$2.17 L-1. 
V.  For a scenario of the simultaneous increase of hydrocarbon contents and the 
extraction efficiency, MSP reduces down to US$1.45 L-1. 
VI. Adding high-density polyethylene lining to the ponds increases the minimum 
sales price to US$4.17 L-1. 
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VII. The productivity of B. braunii has a little effect on the economy of the process. 
A 50 % decrease in productivity from the base case will increase the MSP to 
US$3.48 L-1 and a 50 % increase will decrease the MSP to US$3.15 L-1. 
VIII. Comparing the milking with the single extraction of B. braunii, single 
extraction increases the MSP of hydrocarbons up to two-fold.  
IX. Fertilizer consumption is 88 % higher for single extraction. 
X. The annual hydrocarbon production for milking is high (102 barrel per 
hectare) in comparison to 38.4 barrel per hectare for single extraction of B. 
braunii.  
XI. Milking process has a distinct advantage of efficient utilization of resources 
when compared to the single extraction of B. braunii hydrocarbons. 
 Outcomes of Chapter 5 
Chapter 5 presents the life cycle analysis of the milking process. Life cycle data was 
obtained from GREET. The major outcomes of the life cycle analysis are as follows. 
I. The net CO2 emissions and the GHG-100 emissions for the milking process 
were estimated to be -0.39 kg CO2-eq /kg hydrocarbons and -0.90 kg CO2-
eq/kg hydrocarbons, respectively. The negative emissions indicate that the 
process fixes more CO2 in the algal biomass and hydrocarbons than it 
generates. 
II. The well-to-use GHG emissions of the B. braunii hydrocarbons at the refinery 
gate were estimated to be -0.89 kg CO2 /kg hydrocarbons which are 
significantly lower than the well-to-use emissions of fossil crude oil at the 
refinery gate (0.36 kg CO2 /kg oil). 
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III. The life cycle energy return on investment for the hydrocarbon production via 
milking process was found to be 1.04 MJ produced/MJ fossil energy 
consumed. 
IV. The emissions of milking process are positively comparable to those of other 
algal oil production pathways reported in the literature. However, a well-to-
wheel emission analysis with the similar assumptions and system boundaries 
would give a better comparison of the various pathways. 
It is worth to mention here that the life cycle emissions and fossil energy consumption 
were calculated for an assumption of 50 % extraction efficiency in the process model. 
Any increase in the extraction efficiency with these technology options will increase the 
amount of hydrocarbons produced without changing the material and energy requirement 
of the process, and will lead to lower emissions per kg of HC and higher energy return on 
investment.  
To conclude, the milking process makes the slow-growing B. braunii as a serious 
candidate for the future algal refineries like any other fast-growing algal species. The 
results of this study are not directly comparable to the literature due to the different system 
boundaries and assumptions used, as identified in the literature review chapter. In spite 
of utilizing the slow-growing alga in comparison to other pathways which utilize fast- 
growing microalgal species, the results of economic and environmental analysis of 
milking lie within the range of the results for the other pathways, reported in the previous 
studies. A study on a more harmonized basis may lead to a clearer picture on the 
comparison of the milking process with the other algal fuel production pathways.  
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Chapter 7: Future recommendations 
Repetitive extraction or milking of B. braunii has no less potential of green and renewable 
fuel production than any other pathways, both economically and environmentally. 
However, a lot of research and development is still required to achieve the goal of the 
microalgal biorefinery in general. Based on the analysis presented in this thesis, the 
following recommendations are made for the future studies on both biological and 
engineering sides of the milking process. 
I. Successful growth of B. braunii and the maintenance of recycled culture to 
reproduce the hydrocarbons should be tested in large-scale open ponds.  
II. The B. braunii strains with high extracellular hydrocarbon contents should be 
identified and tested for milking. 
III. The B. braunii strains identified for milking should be investigated for their 
natural floating tendency. If B. braunii floats on the surface of water under any 
particular conditions achievable during the process, skimming of biomass from 
the surface will reduce the energy requirement of filtration significantly. It may 
also increase the choices of secondary dewatering equipment and the higher final 
concentration can be obtained leading lower solvent consumption and/or higher 
extraction efficiency. 
IV. B. braunii is a fresh-water alga. Identification or the genetic modification of B. 
braunii strain should be investigated for salinity tolerance. 
V. A study should be performed to identify the potential locations for the milking 
process.  
VI. A three phase extraction process (involving algal biomass, aqueous culture media 
and the organic solvent) of non-destructive nature should be experimentally 
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investigated and a suitable extraction equipment should be designed/proposed to 
achieve the higher extraction efficiency within the process limits. 
VII. A pilot plant study should be conducted to verify the assumptions used in the 
process model and to test the non-destructive nature of each unit operation in the 
process. 
VIII. A well-to-wheel life cycle analysis should be performed to give a clearer picture 
of environmental aspects of the milking process. 
 Here, the author would also like to refer to a preliminary study on biofilm 
photobioreactor titled “Potential of milking of microalgae grown on biofilm 
photobioreactor for renewable hydrocarbon production” (see reference [1] below). It 
is not part of this thesis, however, it is very relevant to the conclusions and future 
recommendations. Biofilm photobioreactor is a relatively new technology for the 
growth of microalgae. This technology is especially useful for the milking process. 
It will omit the dewatering, which is the most energy consuming step of the process. 
The culture pumping would not be required. Growth, hydrocarbon extraction and 
reproduction of hydrocarbons will be performed on the same biofilm. The use of 
biofilm photobioreactor can increase the onsite energy ratio (output/input) of the 
process up to 13 MJ produced/MJ consumed [1]. If designed and verified, milking of 
B. braunii grown on biofilm photobioreactor will be a significant breakthrough for 
the microalgal biorefinery. 
Reference 
[1] Chaudry, S., Bahri, P. A., & Moheimani, N. R. (2017). Potential of milking of 
microalgae grown on biofilm photobioreactor for renewable hydrocarbon production. In 
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Section 1: An introduction to the stages of process of oil extraction 
from microalgae and the technologies used 
1. Growth (cultivation) of microalgae 
Microalgae utilize sunlight, carbon dioxide, water and some nutrients mainly nitrogen 
and phosphorus to produce organic compounds. The stoichiometry of this photosynthesis 
reaction can be described as follows. 
106CO2   +   16NO3
-   +   H2PO4
-    + 122H2O + 17H
+                C106H263O110N16P  +   
138O2 
C106H263O110N16P  is the approximate chemical formula for microalgae estimated from 
Redfield Ratio (Moheimani et al., 2013).  
Microalgae can utilise the atmospheric CO2 to grow. To enhance the productivity at 
commercial scale, flue gases from the nearest power plant or pure CO2 can be provided 
for the growth of algae. Nitrogen and phosphorus fertilizers are used as the nutrient source 
for the growth of microalgae which are produced from limited natural resources of fossil 
fuels and phosphorus rocks, respectively (Borowitzka & Moheimani, 2013b). Microalgae 
can be grown using different sources of water such as fresh, saline, sea and waste water 
depending upon the species of microalgae. Waste water can also be utilized as the source 
of nutrients (Sturm & Lamer, 2011). On the commercial scale, microalgae are grown 
either in open ponds or closed photobioreactors (PBR). Below is the brief introduction of 
the technologies for growth of microalgae. 
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1.1. Open ponds 
Microalgae can be grown in different types of open ponds, such as, mixed or unmixed, 
and circular or raceways (Borowitzka, 1999). Raceway ponds are the most common type 
of open ponds used for large scale microalgae growth (Borowitzka & Moheimani, 2013a). 
They use atmospheric CO2 but extra CO2 must be added to the culture to reach high 
biomass productivity. They are provided with mixing mechanism (paddle wheel) to keep 
the microalgae suspended in the water. The main advantage of the open pond is that they 
are cheaper to build (Benemann & Oswald, 1996). However, they require a large area, 
can be contaminated with unwanted algal species as well as other organisms, and 
operating parameters such as temperature, are less controllable in them (Mata et al., 
2010). Evaporation losses are high in open ponds (Dunlop et al., 2013) and the 
concentration of microalgal biomass is very low (up to 0.5g/lit) in them (Borowitzka, 
1999).  
1.2. Closed PBR 
Closed PBRs are made up of transparent material which can pass light. Microalgae are 
kept as the suspension in the water like in open pond systems; however, the microalgal 
cell density is higher in the closed system. Operating parameters can be controlled in 
closed PBRs to maintain optimum culture conditions. Therefore, closed PBRs result in 
higher productivity (Borowitzka, 1999). Big bag system, flat plate (vertical or inclined) 
and tubular (serpentine type or Biocoil) reactors are different types of closed PBRs. Big 
bag systems are operated indoors and require artificial lighting which is not suitable for 
low priced products (Borowitzka, 1999). The tubular reactor consists of tubes in which 
the culture is circulated by pumps or by an air lift system. The tubes can be immersed in 
water ponds for temperature control (Borowitzka, 1999). In flat plate PBR, culture is 
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mixed with air bubbling and the temperature is controlled by water spraying or heat 
exchangers (Zittelli et al., 2013). The main disadvantage of the use of closed PBR is the 
very high capital and operating cost (Benemann & Oswald, 1996; Borowitzka, 1999) 
which makes its selection less favorable for the microalgae growth for the production of 
low price fuel. Also, no design is available for large scale closed PBR to enable a better 
evaluation (Zittelli et al., 2013).  
 The combination of the open pond and closed PBR can also be used to optimize the 
productivity and cost (Williams & Laurens, 2010). This combination is called the hybrid 
system. In a hybrid system, microalgae growth is carried out in two stages. In the first 
stage, microalgae are grown in closed PBR photobioreactor under the optimum controlled 
conditions to minimize the contamination risk and increase the growth rate of cells. In the 
second stage, the microalgae culture is transferred to open ponds causing environmental 
stresses which increase the lipid production in microalgae (Brennan & Owende, 2010). 
1.3. Biofilm PBR 
Both open ponds and closed PBR produce microalgae biomass associated with the very 
high amount of water. Further processing of microalgae needs separation of biomass from 
water which is a highly energy consuming step. Hence, researchers in the field have 
developed the method of growing microalgae on biofilms. Biofilm PBR is a novel concept 
for growth of microalgae. They are attached to a surface for the growth instead of 
suspending them in water. Nutrient media is made to flow over the surface. Biomass 
concentration is very high in this cultivation system, which decreases the water and 
energy requirements of the process (Ozkan et al., 2012). However, the main issue with 
the biofilm culture is a very low overall biomass productivity compared to the liquid 
cultures. 
 
182 
 
2. Harvesting and dewatering 
After the cultivation, the next step is harvesting and dewatering the biomass. Dewatering 
is one of the major bottlenecks in the feasible production of biofuel from microalgae. 
Microalgae are present in cultivation media in very low concentration (less than 1% 
solids). Before further processing, it is required to separate microalgae from the water – 
called dewatering. Microalgae dewatering methods can be performed in two stages; 
primary dewatering (thickening) and secondary dewatering.  Settling (sedimentation), 
flocculation and dissolved air floatation are thickening techniques while filtration and 
centrifugation are secondary dewatering techniques (Sturm & Lamer, 2011). The 
selection of dewatering method depends on the microalgae cell size, culture 
concentration, downstream conversion technique, end product and cost. Mostly different 
separation technologies are used in combination to achieve maximum concentration with 
minimum possible cost (Mata et al., 2010). Below is the brief introduction of common 
harvesting and dewatering technologies used for microalgae. 
2.1. Settling (sedimentation) 
Settling is a simple process in which biomass settles down due to the gravity effect leaving 
the clear liquid above. It is the least energy consuming method of solid-liquid separation; 
however, it is not practical due to the very slow sedimentation rate for most of the 
microalgal species and is generally used in combination with flocculation (Pahl et al., 
2013).  
2.2. Flocculation 
This is the process in which fine solid particles are caused to agglomerate together to form 
clusters. These clusters are easy to separate from the liquid as compared to the fine 
particles. The flocculation can be induced by different methods. The flocculation induced 
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by the use of chemicals is called chemical flocculation.  Different groups of chemicals 
such as organic or inorganic can be used for the flocculation. Although the chemical 
flocculants improve the harvesting efficiency but they can be hazardous to the process 
environment (Pragya et al., 2013). The use of microorganisms (bacteria) or some auto 
flocculating microalgal species to induce flocculation in non-flocculating species is called 
bio-flocculation. Bio-flocculation with other auto flocculating species is very cost 
effective method and eliminates the use of hazardous chemicals (Salim et al., 2011).  
Sometimes, the change in cultivation conditions, such as, CO2 limited atmosphere, causes 
flocculation which is called auto-flocculation (Pragya et al., 2013). Flocculation is also 
used in combination with other techniques such as sedimentation or filtration.   
2.3. Flotation 
This is the technique in which air bubbles are attached to the solid particles which carry 
them to the surface of the liquid where they accumulate and float and can be removed. 
There are many types of flotation methods used on the industrial scale such as dissolved 
air flotation, electrolytic flotation and dispersed air flotation. Dissolved air flotation is 
commonly used for the separation of microalgae. Air is dissolved into the water carrying 
microalgae under pressure and then released at atmospheric pressure which causes the 
formation of tiny bubbles of air. These air bubbles attach to the solid particles and carry 
them to the water surface from where they can be removed (Sturm & Lamer, 2011). In 
dispersed air flotation, air is injected into the system, and high speed agitation is used to 
form the bubbles. In electro flotation, air bubbles are formed by inducing the electrolysis 
into the system (Shelef et al., 1984). The floating microalgae are then skimmed from the 
surface. 
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2.4. Filtration 
This is the technique in which material is made to flow over a medium which can retain 
the solid particles due to its fine pore size. Water can pass through the filter media causing 
separation between solid and liquid. There are many types of filtration such as pressure 
filtration, vacuum filtration, tangential flow filtration, microfiltration, and ultrafiltration. 
The method selected depends on the size of microalgal particles and the economy of the 
method.  Vacuum filtration is suitable for large size microalgae while microfiltration and 
ultrafiltration are suitable for fine particles. Microfiltration and ultrafiltration are more 
energy intensive than tangential flow filtration and pressure filtration (Pragya et al., 
2013). Filtration is a highly energy intensive process, and it faces the clogging and 
choking of the filter media. Filtration can be used in combination with flocculation.  
2.5. Centrifugation 
This process uses centrifugal force to cause the settling of solid particles. The suspension 
is subjected to centrifugal action which causes the separation of the solids from the liquid. 
Centrifugation equipment can be classified into rotating wall devices and fixed wall 
devices. Hydro-cyclone is an example of fixed wall devices, and sedimentary centrifuges 
(disk centrifuge, screw centrifuge, multi-chamber centrifuge, imperforate basket 
centrifuge and tubular centrifuge) are examples of rotating wall devices (Shelef et al., 
1984). Centrifugation is used after primary harvesting by other techniques. It can achieve 
the higher concentration than any other technique (up to 30%) but it consumes a lot of 
energy in the form of electricity; hence, maximum possible concentration is achieved 
before centrifugation (Sturm & Lamer, 2011). 
3. Pre-treatment and oil extraction 
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Oil can be extracted from microalgae by solvent extraction. The oil extraction methods 
may require pre-treatment of microalgae, such as cell disruption and/or drying. The 
microalgae culture obtained after secondary dewatering has the solid concentration of 
maximum up to 30%. To increase the solid concentration up to 90% as required by the 
conventional extraction methods, thermal drying of microalgae is conducted as the pre-
treatment for extraction. Moreover, in most of the microalgal species, the lipids are 
present in the cell wall; hence, microalgae are pre-treated for cell disruption (breakdown 
of the cell) for the better extraction efficiency. Different cell disruption techniques have 
been studied in this regard like sonication (Kumari et al., 2011), microwave heating 
(Biller et al., 2013) , autoclaving, osmotic shock, bead beating (mechanical cell 
disruption), lyophilization (by freeze drying) and acid treatment (Lee et al., 2010). Drying 
and cell disruption can be combined as pre-treatment for extraction. The selection of the 
pre-treatment method depends on the type of microalgae and the extraction method used. 
Based on the requirements of drying, extraction methods can be classified as dry 
extraction and wet extraction methods (de Boer et al., 2012). 
3.1. Dry extraction 
The conventional solvent extraction methods, such as Bligh and Dyer and Soxhlet 
extraction using the mixture of chloroform-methanol and hexane as solvents, 
respectively, utilise dried microalgae. The drying of microalgae as the pre-treatment to 
extraction is associated with tremendous energy consumption, making the dry extraction 
processes energetically unfeasible (de Boer et al., 2012). 
3.2. Wet extraction 
Different solvents have been proposed to utilize the wet microalgae (after dewatering) for 
oil extraction, such as dimethyl ether (Kanda et al., 2013), subcritical water (Herrero et 
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al., 2006) and switchable solvents (Samorì et al., 2010). Wet extraction with conventional 
solvent, n-hexane, along with different cell disruption techniques like lyophilisation, acid 
treatment, enzymatic disruption has also been studied (Taher et al.). Wet extraction 
method saves the energy required for drying of microalgae and, hence, is the potentially 
feasible option for oil extraction (Chaudry et al., 2015). 
4. Solvent recovery 
The solvent is recovered from the oil-solvent mixture obtained after the extraction stage, 
by the conventional separation method of evaporation/distillation. These conventional 
methods are highly energy consuming operations due to the phase change of a large 
amount of solvent in the mixture, obtained after extraction especially wet extraction. 
Nanofiltration is a promising technology for energy efficient separation on the molecular 
level (Vandezande et al., 2008). It can be used alone or in combination with distillation 
for enhanced separation efficiency and less energy consumption. Nanofiltration has been 
previously reported for the efficient separation of solvent from soybean oil 
(Darvishmanesh et al., 2011; Firman et al., 2013; Rama et al., 1996; Raman et al., 1996). 
However, no study is available for the separation of solvent from the microalgal oil, yet. 
Considering it for the feasibility studies of nanofiltration process for solvent-microalgal 
oil separation and experimental investigation on lab scale would be beneficial. 
After the extraction, the left over microalgal biomass is either sold as animal feed or used 
in anaerobic digestion to produce energy on site and microalgal oil (lipids) is converted 
to the useful form of liquid fuel (biodiesel). Conversion of fats and oils to liquid fuels can 
be carried out by micro emulsion, catalytic cracking or transesterification depending upon 
the composition of microalgal oil. Transesterification is the most common method of 
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converting microalgal oil to biodiesel having nearly similar physical characteristics to 
those of diesel fuel (Pragya et al., 2013).   
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Section 2: Process Models 
5. Growth option 1 (open ponds) (G1) 
 
5.1. Material balance equations 
Water balance, assuming water used as reactant for biomass generation is 
negligible; 
 
 𝐹𝑅 .  𝑋𝑤
𝐹𝑅 + 𝐹𝐹𝑊 = 𝐹𝐸𝑣 + 𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑤
𝐹𝑐,𝑜𝑢𝑡  1 
Implicit equation  
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
𝐹𝑐,𝑜𝑢𝑡 + 𝑋𝑤
𝐹𝑐,𝑜𝑢𝑡 = 1 2 
Composition of outlet culture stream Fc  
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
𝐹𝑐,𝑜𝑢𝑡 =
𝐶𝑐
𝜌𝑐
 
3 
Evaporation rate  
𝐹𝐸𝑣 = 𝑅𝐸𝑣 . 𝐴𝐺𝑃 .  𝜌𝑤 4 
Material balance for nutrients (not shown as input streams)  
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𝑁𝑟𝑒𝑞 = 𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑁
𝑏𝑖𝑜𝑚𝑎𝑠𝑠 5 
𝑃𝑟𝑒𝑞 = 𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑃
𝑏𝑖𝑜𝑚𝑎𝑠𝑠 6 
Fertilizer requirement, assuming 100 % take up of fertilizer by biomass;  
𝑁𝐹 =  
𝑁𝑟𝑒𝑞
𝑋𝑁
𝑁𝐹  
7 
𝑃𝐹 =  
𝑃𝑟𝑒𝑞
𝑋𝑃
𝑃𝐹 
8 
CO2 provided to the culture  
𝐹𝐶𝑂2 = 𝑅𝐶𝑂2−𝑏𝑖𝑜𝑚𝑎𝑠𝑠 .  𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡  9 
5.2. Energy balance equations  
Paddle wheel mixing energy  
𝐸𝑃𝑊𝑀 = 𝐸𝑅𝑃𝑊𝑀 .
𝐴𝐺𝑃
10000
. 𝑂𝐷 
10 
Energy required for CO2 transfer to ponds  
𝐸𝐶𝑂2𝑇 = 𝐸𝑅𝐶𝑂2𝑇 . 𝐹𝐶𝑂2 11 
Pumping of fresh water from the source  
𝐸𝐹𝑊 = 𝐸𝑅𝐹𝑊  .   
𝐹𝐹𝑊
1000
 
12 
Indirect energy associated with fertilizers  
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𝐸𝑁 = 𝐸𝑅𝑁 . 𝑁𝑟𝑒𝑞  .  
1
3.6
 
13 
𝐸𝑃 = 𝐸𝑅𝑃 . 𝑃𝑟𝑒𝑞  .  
1
3.6
 
14 
5.3. Design equations 
𝑉𝐺𝑃 = 𝐴𝐺𝑃 . 𝑑𝑃 15 
𝑉𝐺𝑃.
% 𝑉𝐻
100
=
𝐹𝑐,𝑜𝑢𝑡
𝜌𝑐
 .
1
𝐷𝐵𝐹
 
16 
% 𝑉𝐻 =   
𝛥𝐶𝑐
𝐶𝑐
 . 𝐷𝐹𝑃 . 100 
17 
𝛥𝐶𝑐 = 𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠 . 𝑅𝐴−𝑉.
1
1000
 
18 
𝑅𝐴−𝑉 =  
1
1 . 𝑑𝑃
 
19 
𝐷𝐵𝐹 =
𝐷
𝑛
 
20 
Maximum operating days for growth ponds can be the no of operating days of 
plant a year, 
 
𝑂𝐷𝐺𝑃 = 𝐷 21 
𝑂𝐷𝐺𝑃 = 𝐷𝐵𝐹 . 𝐷𝐹𝑃 22 
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6. Hydrocarbon production option 1 (open ponds) (HCP1) 
 
6.1. Material balance equations 
Overall material balance  
𝐹𝑅 + 𝐹𝐹𝑤 + 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =  𝐹𝐸𝑣 + 𝐹𝑐,𝑜𝑢𝑡  23 
Biomass balance, assuming the biomass lost during harvest (which is negligible 
for this calculation) is regenerated; 
 
𝐹𝑅 .  𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑅  +  𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡   24 
Composition of outlet culture stream  
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
𝐹𝑐,𝑜𝑢𝑡 =
𝐶𝑐
𝜌𝑐
 
25 
Note: The term ‘generation’ refers the reproduced hydrocarbons and biomass.  
Evaporation  
𝐹𝐸𝑣 = 𝑅𝐸𝑣 . 𝐴𝐻𝐶𝑃𝑃 . 𝜌𝑤 26 
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Implicit equation  
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
𝐹𝑐,𝑜𝑢𝑡 + 𝑋𝑤
𝐹𝑐,𝑜𝑢𝑡 = 1 27 
CO2 supplied to the culture (not shown as input stream)  
𝐹𝐶𝑂2 = 𝑅𝐶𝑂2−𝑏𝑖𝑜𝑚𝑎𝑠𝑠 .  𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡  28 
 
6.2. Energy balance equations 
Paddle wheel mixing energy  
𝐸𝑃𝑊𝑀 = 𝐸𝑅𝑃𝑊𝑀 .
𝑇𝐴𝐻𝐶𝑃𝑃 
10000
. 𝑂𝐷𝐻𝐶𝑃𝑃 
(29) 
Energy required for CO2 transfer to ponds  
𝐸𝐶𝑂2𝑇 = 𝐸𝑅𝐶𝑂2𝑇 . 𝐹𝐶𝑂2 (30) 
Pumping of fresh water from the source  
𝐸𝐹𝑊 = 𝐸𝑅𝐹𝑊  .   
𝐹𝐹𝑊
1000
 
(31) 
6.3. Design equations 
𝑉1𝐻𝐶𝑃𝑃 = 𝐴1𝐻𝐶𝑃𝑃 . 𝑑𝑃 (32) 
𝑇𝐴𝐻𝐶𝑃𝑃 = 𝐴1𝐻𝐶𝑃𝑃 . 5 (33) 
𝑉1𝐻𝐶𝑃𝑃 =
𝐹𝑐,𝑜𝑢𝑡
𝜌
  .
1
𝑂𝐷𝐻𝐶𝑃𝑃
 
(34) 
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𝑂𝐷𝐻𝐶𝑃𝑃 =
9
10
  . 𝐷 
(35) 
 
7. Growth option 2 (flat plate photobioreactor) (G2) 
 
7.1. Material Balance equations 
Water balance  
𝐹𝑅 .  𝑋𝑤
𝐹𝑅 + 𝐹𝐹𝑤 = 𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑤
𝐹𝑐,𝑜𝑢𝑡 (36) 
Composition of outlet culture stream  
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
𝐹𝑐 =
𝐶𝑐
𝜌𝑐
 
(37) 
Implicit equation  
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
𝐹𝑐,𝑜𝑢𝑡 + 𝑋𝑤
𝐹𝑐,𝑜𝑢𝑡 = 1 (38) 
Material balance for reactants (not shown as input streams)  
𝑁𝑟𝑒𝑞 = 𝐹𝑐  . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑁
𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (39) 
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𝑃𝑟𝑒𝑞 = 𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑃
𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (40) 
Fertilizer requirement, assuming 100 % take up of fertilizer by biomass  
𝑁𝐹 =  
𝑁𝑟𝑒𝑞
𝑋𝑁
𝑁𝐹  
(41) 
𝑃𝐹 =  
𝑃𝑟𝑒𝑞
𝑋𝑃
𝑃𝐹  
(42) 
CO2 supplied to the culture  
𝐹𝐶𝑂2 = 𝑅𝐶𝑂2−𝑏𝑖𝑜𝑚𝑎𝑠𝑠 .  𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡  (43) 
7.2. Energy balance equations 
Assuming 24 hour CO2 enriched (1.5 %) air supply  
𝐸𝐶𝑂2𝑇 = 𝑃𝑅𝐶𝑂2𝑇
𝑃𝐵𝑅  .24 . 𝑂𝐷𝐺𝑃𝐵𝑅 . 𝑁𝐺𝑃𝐵𝑅 (44) 
Pumping of sprinkler water to and from the reactor (returning to cooling tower), 
assuming 5 hours reactor cooling per day 
 
𝐸𝑆𝑃𝑊 = 𝑃𝑅𝑆𝑃𝑊. 5 . 𝑂𝐷𝐺𝑃𝐵𝑅  .  𝑁𝐺𝑃𝐵𝑅 (45) 
𝐸𝑆𝑃𝑊𝑅 = 𝑃𝑅𝑆𝑃𝑊𝑅 . 5 . 𝑂𝐷𝐺𝑃𝐵𝑅  .  𝑁𝐺𝑃𝐵𝑅 (46) 
Energy for cooling tower   
𝐸𝐶𝑇 = 𝑃𝑅𝐶𝑇 . 5 . 𝑂𝐷𝐺𝑃𝐵𝑅 .  𝑁𝐺𝑃𝐵𝑅 (47) 
Fresh water supply from source (for culture)  
𝐸𝐹𝑊 = 𝐸𝑅𝐹𝑊  .   
𝐹𝐹𝑊
1000
 
(48) 
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Fresh water supply from source (for sprinklers)  
𝐸𝑆𝑊 = 𝐸𝑅𝐹𝑊 .   𝑉𝑆𝑃𝑊 (49) 
𝑉𝑆𝑃𝑊 = 𝑅𝑆𝑃𝑊 .   𝑇𝑆𝐴 (50) 
Indirect energy associated with fertilizers  
𝐸𝑁 = 𝐸𝑅𝑁 . 𝑁𝑟𝑒𝑞  .  
1
3.6
 
(51) 
𝐸𝑃 = 𝐸𝑅𝑃 . 𝑃𝑟𝑒𝑞  .  
1
3.6
 
(52) 
7.3. Design equations 
𝑉𝐺𝑃𝐵𝑅 .
% 𝑉𝐻
100
=
𝐹𝑐,𝑜𝑢𝑡
𝜌𝑐
 .
1
𝐷𝐵𝐹
 
(53) 
𝑉𝐺𝑃𝐵𝑅 = 𝑉1𝑃𝐵𝑅 . 𝑁𝐺𝑃𝐵𝑅 (54) 
% 𝑉𝐻 =   
𝛥𝐶𝑐
𝐶𝑐
 . 𝐷𝐹𝑃 . 100 
(55) 
𝛥𝐶𝑐 = 𝑃𝑏𝑖𝑜𝑚𝑎𝑠𝑠 . 𝑅𝐴−𝑉.
1
1000
 
(56) 
𝑅𝐴−𝑉 =  
2. 𝐿𝑃𝐵𝑅 . 𝐻𝑃𝐵𝑅
𝐿𝑃𝐵𝑅 . 𝐻𝑃𝐵𝑅 . 𝑊𝑃𝐵𝑅
 
(57) 
𝐷𝐵𝐹 =
𝐷
𝑛
 
(58) 
Maximum operating days for growth stage can be the no of operating days of 
plant a year, 
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𝑂𝐷𝐺𝑃𝐵𝑅 = 𝐷 (59) 
𝐷𝐵𝐹 =
𝐷
𝑛
 
(60) 
𝑂𝐷𝐺𝑃𝐵𝑅 = 𝐷𝐵𝐹 . 𝐷𝐹𝑃 (61) 
𝑇𝑆𝐴 = 𝐿𝑃𝐵𝑅 . 𝐻𝑃𝐵𝑅 . 2 . 𝑁𝐺𝑃𝐵𝑅 (62) 
Cooling water (sprinkler water system)  
𝑉𝑆𝑃𝑊 = 𝑅𝑆𝑃𝑊. 𝑇𝑆𝐴 (63) 
 
 
8. HC production option 2 (flat plate photobioreactor) (HCP2) 
 
8.1. Material balance equations 
𝐹𝑅 + 𝐹𝐹𝑤 + 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =  𝐹𝐸𝑣 + 𝐹𝑐,𝑜𝑢𝑡 (64) 
𝐹𝑅  .  𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑅  +  𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡  (65) 
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
𝐹𝑐,𝑜𝑢𝑡 =
𝐶𝑐
𝜌𝑐
 
(66) 
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𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
𝐹𝑐,𝑜𝑢𝑡 + 𝑋𝑤
𝐹𝑐,𝑜𝑢𝑡 = 1 (67) 
8.2. Energy consumption equations 
Energy required for CO2 transfer to ponds  
𝐸𝐶𝑂2𝑇 = 𝑃𝑅𝐶𝑂2𝑇
𝑃𝐵𝑅  .24 . 𝑂𝐷𝐻𝐶𝑃𝑃𝐵𝑅𝑅  . 𝑇𝑁𝑃𝐵𝑅 (68) 
Pumping of sprinkler water to and from the reactor (returning to cooling tower), 
assuming 5 hours reactor cooling per day 
 
𝐸𝑆𝑃𝑊 = 𝑃𝑅𝑆𝑃𝑊. 5 . 𝑂𝐷𝐻𝐶𝑃𝑃𝐵𝑅 .  𝑇𝑁𝑃𝐵𝑅 (69) 
𝐸𝑆𝑃𝑊𝑅 = 𝑃𝑅𝑆𝑃𝑊𝑅 . 5 . 𝑂𝐷𝐻𝐶𝑃𝑃𝐵𝑅𝑅  .  𝑇𝑁𝑃𝐵𝑅 (70) 
Energy required for cooling tower  
𝐸𝐶𝑇 = 𝑃𝑅𝐶𝑇 . 5 . 𝑂𝐷𝐻𝐶𝑃𝑃𝐵𝑅 .  𝑇𝑁𝑃𝐵𝑅 (71) 
Fresh water supply from source (for culture)  
𝐸𝐹𝑊 = 𝐸𝑅𝐹𝑊  .   
𝐹𝐹𝑊
1000
 
(72) 
Fresh water supply from source (for sprinklers)  
𝐸𝑆𝑊 = 𝐸𝑅𝐹𝑊 .   𝑉𝑆𝑃𝑊 (73) 
𝑉𝑆𝑃𝑊 = 𝑅𝑆𝑃𝑊 .   𝑇𝑆𝐴 (74) 
8.3. Design equations 
𝑉1𝐻𝐶𝑃𝑃𝐵𝑅 =
𝐹𝑐,𝑜𝑢𝑡
𝜌
  .
1
𝑂𝐷𝐻𝐶𝑃𝑃𝐵𝑅
  
(75) 
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𝑂𝐷𝐻𝐶𝑃𝑃𝐵𝑅 =
9
10
  . 𝐷 
(76) 
𝑉1𝐻𝐶𝑃𝑃𝐵𝑅 = 𝑉1𝑃𝐵𝑅 . 𝑁1𝑃𝐵𝑅 (77) 
𝑇𝑁𝑃𝐵𝑅 = 𝑁1𝑃𝐵𝑅 .  5 (78) 
𝑇𝑉𝐻𝐶𝑃𝑃𝐵𝑅 = 𝑉1𝑃𝐵𝑅 . 𝑇𝑁𝑃𝐵𝑅 (79) 
𝑇𝑆𝐴 = 𝐿𝑃𝐵𝑅 . 𝐻𝑃𝐵𝑅 . 2 . 𝑇𝑁𝑃𝐵𝑅 (80) 
 
9. Dewatering stage (D1, D2, D3, D4, D5, D6) 
 
 
 
9.1. Material balance equations 
 
Overall material balance 
 
𝐹𝑐,𝑖𝑛 = 𝐹𝑐,𝑜𝑢𝑡 +  𝐹𝑅 + 𝐹𝑙𝑜𝑠𝑠  (81) 
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Biomass balance  
𝐹𝑐,𝑖𝑛 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑖𝑛 = 𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡 +  𝐹𝑅 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑅 + 𝐹𝑙𝑜𝑠𝑠 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑙𝑜𝑠𝑠  (82) 
Water balance  
𝐹𝑐,𝑖𝑛 . 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑖𝑛 = 𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡 +  𝐹𝑅 . 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑅 + 𝐹𝑙𝑜𝑠𝑠 . 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑙𝑜𝑠𝑠  (83) 
Implicit equations  
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑙𝑜𝑠𝑠 + 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑙𝑜𝑠𝑠 =  1 (84) 
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑅 + 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑅 =  1 (85) 
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡 + 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡 =  1 (86) 
Assuming loss and recycle stream have same composition,  
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑙𝑜𝑠𝑠 =  𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑅  (87) 
Considering biomass recovery in harvesting  
𝐹𝑐,𝑖𝑛 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑖𝑛 .
% 𝐻𝑅
100
= 𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡  (88) 
Considering harvest losses  
𝐹𝑙𝑜𝑠𝑠 =  
% 𝐻𝐿 
100
 . 𝐹𝑐,𝑖𝑛 
(89) 
  
9.2. Energy consumption equations 
Assuming density of culture is same as water, (ρ=1000Kg/m3)  
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𝐸𝐻 = 𝐸𝑅𝐻  .   
𝐹𝐶,𝑖𝑛
𝜌
 
(90) 
 
10. Extraction stage (Ex) 
 
10.1. Material balance equations 
Overall material balance equation  
𝐹𝑐,𝑖𝑛 + 𝐹𝑠,𝑖𝑛 = 𝐹𝑐,𝑜𝑢𝑡 + 𝐹𝑠,𝑜𝑢𝑡 (91) 
Biomass balance, a part of the biomass (HC) is extracted by solvent  
𝐹𝑐,𝑖𝑛 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑖𝑛 = 𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡 +  𝐹𝑆,𝑜𝑢𝑡 . 𝑋𝐻𝐶
𝐹𝑆,𝑜𝑢𝑡 (92) 
Hydrocarbon balance, considering extraction efficiency  
𝐹𝑐,𝑖𝑛 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑖𝑛 .
%𝑎𝑔𝑒 𝐻𝐶
100
 .
%𝑎𝑔𝑒 𝐻𝐶𝑅
100
= 𝐹𝑆,𝑜𝑢𝑡 . 𝑋𝐻𝐶
𝐹𝑆,𝑜𝑢𝑡 (93) 
Water balance  
𝐹𝑐,𝑖𝑛 . 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑖𝑛 =  𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡  (94) 
Implicit equations  
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 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡 + 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡 = 1 (95) 
𝑋𝑠
𝐹𝑠,𝑜𝑢𝑡 +  𝑋𝐻𝐶
𝐹𝑠,𝑜𝑢𝑡 = 1 (96) 
𝑋𝑠
𝐹𝑠,𝑖𝑛 +  𝑋𝐻𝐶
𝐹𝑠,𝑖𝑛 = 1 (97) 
Considering solvent/biomass ratio for extraction  
𝐹𝑠,𝑖𝑛
𝐹𝑐,𝑖𝑛
= 𝑅𝑆−𝐶 
(98) 
Energy consumption for extraction was assumed negligible, due to insignificant 
involvement of mechanical mixing. Pumping energy has been calculated separately. 
11. Recovery stage (R1, R2) 
 
11.1. Material balance equations 
Overall material balance  
𝐹𝑠,𝑖𝑛 = 𝐹𝑠,𝑜𝑢𝑡 + 𝐹𝐻𝐶,𝑜𝑢𝑡 (99) 
Solvent balance, assuming solvent loss is negligible as the lost (unrecovered) would 
appear with final product which is also hydrocarbon, making overall negligible difference 
in energy analysis of the process. 
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𝐹𝑠,𝑖𝑛 . 𝑋𝑠
𝐹𝑠,𝑖𝑛 =  𝐹𝑠,𝑜𝑢𝑡 . 𝑋𝑠
𝐹𝑠,𝑜𝑢𝑡  (100) 
Implicit equation  
𝑋𝐻𝐶,𝑜𝑢𝑡
𝐹𝑠,𝑜𝑢𝑡 +  𝑋𝑠
𝐹𝑠,𝑜𝑢𝑡 = 1 (101) 
 
11.2. Energy consumption equations 
Energy requires for solvent recovery from the mixture of solvent and extracted 
hydrocarbons 
 
𝐸𝑅𝑒𝑐 = 𝐸𝑅𝑅𝑒𝑐 .  𝐹𝑆,𝑜𝑢𝑡 (102) 
12. Stream mixers (M3, M4, M5 and process stream mixer at upstream of S4) 
12.1. Material balance equations 
Overall material balance  
𝐹𝑐,𝑜𝑢𝑡  = ∑ 𝐹(𝑐,𝑖𝑛)𝑖
𝑛
𝑖=1
 
(103) 
Component balances  
𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡  = ∑(𝐹𝑐,𝑖𝑛
𝑛
𝑖=1
 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑖𝑛 )𝑖 
(104) 
𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡  = ∑(𝐹𝑐,𝑖𝑛
𝑛
𝑖=1
 . 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑖𝑛 )𝑖 
(105) 
‘n’ represents the no of streams entering into the mixer. 
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13. Stream mixer - solvent recycle (M2) 
 
 
13.1. Material balance equations 
Overall material balance 
 
𝐹𝑠,𝑜𝑢𝑡 . 𝑋𝑠
𝐹𝑠,𝑜𝑢𝑡  = ∑(𝐹𝑠,𝑖𝑛
2
𝑖=1
 . 𝑋𝑠
𝐹𝑠,𝑖𝑛)𝑖 
(106) 
Component balance  
𝐹𝑠,𝑜𝑢𝑡 . 𝑋𝐻𝐶
𝐹𝑠,𝑜𝑢𝑡  = ∑(𝐹𝑠,𝑖𝑛
2
𝑖=1
 . 𝑋𝐻𝐶
𝐹𝑠,𝑖𝑛)𝑖 
(107) 
Assuming the pumping energy for recycle solvent is negligible. 
14. Stream mixer – product (M1) 
 
 
 
 
 
207 
 
14.1. Material balance equations 
Overall material balance  
𝐹𝐻𝐶,𝑜𝑢𝑡  = ∑ 𝐹(𝐻𝐶,𝑖𝑛)𝑖
2
𝑖=1
 
(108) 
Oil production per year  
𝑂𝑃𝑃𝐴 =  
𝐹𝐻𝐶,𝑜𝑢𝑡
𝜌𝑜
  
(109) 
14.2. Energy output of the process 
  
𝐸𝑜𝑖𝑙 = 𝐻𝐻𝑉 .   
𝐹𝐻𝐶,𝑜𝑢𝑡
3.6
 
(110) 
 
15. Culture pumps (2 process stream mixers at upstream of M4) 
 
15.1. Material balance equations 
Overall material balance   
 
208 
 
𝐹𝑐,𝑜𝑢𝑡  = ∑ 𝐹(𝑐,𝑖𝑛)𝑖
2
𝑖=1
 
(111) 
Component balances  
𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡  = ∑(𝐹𝑐,𝑖𝑛
2
𝑖=1
 . 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑖𝑛 )𝑖 
(112) 
𝐹𝑐,𝑜𝑢𝑡 . 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡  = ∑(𝐹𝑐,𝑖𝑛
2
𝑖=1
 . 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑖𝑛 )𝑖 
(113) 
Average no of milking is 10, feed coming from the hydrocarbon production per 
year is 9/10 
 
𝐹𝑐,𝑜𝑢𝑡.
9
10
= 𝐹𝑐,𝑖𝑛1 (114) 
15.2. Energy consumption equations 
Culture pumping energy  
𝐸𝐶𝑃 = 𝐸𝑅𝐶𝑃  .   
𝐹𝑐,𝑜𝑢𝑡
𝜌𝑐
 
(115) 
16. Recycle water pump (process stream mixer at upstream of S3) 
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16.1. Material balance equations 
Overall material balance  
𝐹𝑐,𝑖𝑛  = ∑ 𝐹(𝑐,𝑜𝑢𝑡)𝑖
2
𝑖=1
 
(116) 
All the streams have same composition in splitter  
 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑖𝑛  =  𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡1 =  𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡2   (117) 
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑖𝑛  =  𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡1 =  𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡2  (118) 
1/10 times towards growth stage and 9/10 times towards HC production stage  
𝐹𝑐,𝑖𝑛.
9
10
= 𝐹𝑐,𝑜𝑢𝑡1 (119) 
16.2. Energy consumption equations 
Recycle water pumping energy  
𝐸𝑅𝑊𝑃 = 𝐸𝑅𝑅𝑊𝑃  .   
𝐹𝑐,𝑖𝑛
𝜌𝑐
 
(120) 
17. Recycle culture pump (Process stream splitter at downstream of extraction 
stage) 
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17.1. Material balance equations 
Overall material balance  
𝐹𝑐,𝑖𝑛  = ∑ 𝐹(𝑐,𝑜𝑢𝑡)𝑖
2
𝑖=1
 
(121) 
All the streams have same composition in splitter  
 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑖𝑛  =  𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡1 =  𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡2   (122) 
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑖𝑛  =  𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡1 =  𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡2  (123) 
Each batch of culture is recycled back to the process 9 times for each 10 process 
cycles. 
 
𝐹𝑐,𝑖𝑛.
9
10
= 𝐹𝑐,𝑜𝑢𝑡1 (124) 
17.2. Energy consumption equations 
Recycle culture pumping energy  
𝐸𝐶𝑃 = 𝐸𝑅𝐶𝑃  .   
𝐹𝑐,𝑖𝑛
𝜌𝑐
 
(125) 
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18. Strategy splitters (S2, S3, S4) 
 
18.1. Material balance equations 
All streams have same composition  
 
𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑖𝑛  =  𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡1 =  𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡2 (126) 
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑖𝑛  =  𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡1 =  𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡2  (127) 
𝐹𝑐,𝑜𝑢𝑡1 = 𝐹𝑐,𝑖𝑛. 𝑋1 (128) 
𝐹𝑐,𝑜𝑢𝑡2 = 𝐹𝑐,𝑖𝑛. 𝑋2 (129) 
19. Strategy splitter (S1) 
 
19.1. Material balance equations  
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𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑖𝑛  =  𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡1 =  𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡2 =  𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡3 , … , 𝑋𝑤𝑎𝑡𝑒𝑟
𝐹𝑐,𝑜𝑢𝑡7 (130) 
𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑖𝑛  =  𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡1 =  𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡2 =  𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡3 , … , 𝑋𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐹𝑐,𝑜𝑢𝑡7  (131) 
𝐹𝑐,𝑜𝑢𝑡1 = 𝐹𝑐,𝑖𝑛. 𝑋1 (132) 
𝐹𝑐,𝑜𝑢𝑡2 = 𝐹𝑐,𝑖𝑛. 𝑋2 (133) 
𝐹𝑐,𝑜𝑢𝑡3 = 𝐹𝑐,𝑖𝑛. 𝑋3 (134) 
𝐹𝑐,𝑜𝑢𝑡4 = 𝐹𝑐,𝑖𝑛. 𝑋4 (135) 
𝐹𝑐,𝑜𝑢𝑡5 = 𝐹𝑐,𝑖𝑛. 𝑋5 (136) 
𝐹𝑐,𝑜𝑢𝑡6 = 𝐹𝑐,𝑖𝑛. 𝑋6 (137) 
𝐹𝑐,𝑜𝑢𝑡7 = 𝐹𝑐,𝑖𝑛. 𝑋7 (138) 
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Section 3: Glossary of terms used in process models 
Notation Description 
A1HCPP Area of 1 set of hydrocarbon production ponds, m
2 
AGP Area of growth ponds, m
2 
Cc Culture concentration, g/lit 
D Annual operating days of the plant  
DBF Days for backup feed from growth stage 
DFP Days to prepare feed in growth stage 
dp Depth of ponds, m 
ECP Energy consumption for culture pumping, kWh/year 
EH Energy consumption for harvesting, kWh/year 
EN Energy associated with nitrogen (indirect), kWh/year 
EOil Energy contents of oil (HC), kWh/year 
EP Energy associated with phosphorus (indirect), kWh/year 
EPWM  Energy consumption for paddle wheel mixing,  kWh/year 
ER Energy consumption for solvent recovery, kWh/year 
ERCP Energy consumption for pumping unit volume of culture, kWh/m
3  
ERCP Energy consumption for pumping unit volume of recycle culture, 
kWh/year 
ERFW Energy consumption for pumping unit volume of fresh water from 
source, kWh/m3 
ERH Energy consumption for harvesting unit volume of culture, kWh/m
3 
ERN Indirect energy associated with unit mass of nitrogen MJ/kg 
ERP Indirect energy associated with unit mass of phosphorus, MJ/kg 
ERPWM Energy consumption rate paddle wheel mixing per unit area, 
kWh/ha. day  
ERR Energy consumption for separating unit mass of solvent in recovery 
stage, kWh/kg solvent 
ERRWP Energy consumption for pumping unit volume of recycle water, 
kWh/m3 
ERWP Energy consumption for recycle water pumping, kWh/year 
ESPW Energy consumption for pumping sprinkler water, kWh/year 
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Notation Description 
ESPWR Energy consumption for pumping sprinkler water to cooling tower, 
kWh/year  
EW Energy consumption for water supply, kWh/year 
ECO2T Energy consumption for CO2 transfer, kWh/year 
ERCO2T Energy consumption for transferring unit mass of CO2 to ponds, 
kWh/kg CO2 
Fc Mass flow of culture, kg/year 
Fc,in Flow of input culture stream, kg/year 
Fc,out Flow of output culture stream, kg/year 
FCO2 Flow of CO2 , kg/year 
FEv Mass flow of evaporation, kg/year 
FFW Flow of fresh water, kg/year 
FFW Flow of fresh water, kg/year 
FHC,in Flow of input hydrocarbon stream, kg/year 
FHC,out Flow of output hydrocarbon stream, kg/year 
Floss Flow of harvest loss stream, kg/year 
FR Flow of recycle stream, kg/year 
Fs,in Flow of input solvent stream, kg/year 
Fs,out Flow of output solvent stream, kg/year 
FSPW Flow of sprinkler water, kg/year 
HPBR Height of 1 unit of PBR, m 
HHV Higher heating value of hydrocarbons, MJ/kg 
LPBR Length of 1 unit of PBR reactor, m 
N Average no of milking 
N1PBR No of PBR in 1 set of hydrocarbon production PBRs 
NF Nitrogen fertilizer consumption, kg/year 
NGPBR No of growth PBRs 
Nreq Nitrogen required, kg/year 
ODGP Operating days of growth ponds 
ODGPBR Operating days of growth PBR 
ODHCP Operating days of hydrocarbon production ponds 
ODHCPPBR Operating days of hydrocarbon production PBR 
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Notation Description 
OPPY Oil (HC) production per year, lit/year 
Pbiomass Productivity of biomass, g/m
2.day 
PF Phosphorus fertilizer consumption, kg/year 
PRCT Power consumption for cooling tower,  kW/reactor unit 
Preq Phosphorus required, kg/year 
PRSPW Power consumption for pumping sprinkler water, kW/reactor unit 
PRSPWR Power consumption for recycling sprinkler water, kW/reactor unit 
RCO2-biomass CO2 to biomass ratio 
RA-V Area to volume ratio of ponds, m
2/m3 
𝑃𝑅𝐶𝑂2𝑇
𝑃𝐵𝑅  Power consumption for CO2 transfer to PBR, kW/unit reactor 
REV Rate of evaporation, m
3/m2.year 
Rspw Makeup sprinkler water flux, m
3/m2 surface area. Year 
TAHCPP Total area of hydrocarbon production ponds, m
2 
TNPBR Total no of PBR 
TSA Total surface area, m2 
TVHCPPBR Volume of PBRs, m
3 
V1HCPP Volume of 1 set of hydrocarbon production ponds, m
3 
V1HCPPBR Volume of 1 set of hydrocarbon production PBRs, m
3 
V1PBR Volume of 1 unit of PBR, m
3 
VGP Volume of growth ponds, m
3 
VGPBR Volume of growth PBR, m
3 
VSPW Volume of sprinkler water , m
3/year 
WPBR Width of 1 unit of PBR, m 
X1 Fraction of outlet stream 1 from splitter 
X2 Fraction of outlet stream 2 from splitter 
X3 Fraction of outlet stream 3 from splitter 
X4 Fraction of outlet stream 4 from splitter 
X5 Fraction of outlet stream 5 from splitter 
X6 Fraction of outlet stream 6 from splitter 
X7 Fraction of outlet stream 7 from splitter 
X
biomass
Fc,in  Mass fraction of biomass in input culture stream 
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Notation Description 
Xbiomass
Fc,out  Mass fraction of biomass in output culture stream 
Xbiomass
FLoss  Mass fraction of biomass in loss stream 
Xbiomass
FR  Mass fraction of biomass in recycle stream 
XHC
Fs,in Mass fraction of HC in solvent input stream 
XHC
Fs,out  Mass fraction of HC in solvent output stream 
XN
biomass Mass fraction of nitrogen in microalgae biomass 
XP
biomass Mass fraction of phosphorus in microalgae biomass 
Xs
Fs,in Mass fraction of solvent in solvent input stream 
Xs
Fs,out  Mass fraction of solvent in solvent output stream 
Xw
Fc,in Mass fraction of water in input culture stream 
Xw
Fc,out  Mass fraction of water in output culture stream 
Xw
FLoss Mass fraction of water in loss stream 
Xw
FR  Mass fraction of water in recycle stream 
ρc Density of culture, kg/m
3 
ρo Density of oil (HC) produced, kg/lit
 
ρw Density of water, kg/m
3 
ΔCc Change in culture concentration per day, g/lit. day 
% HC Percentage hydrocarbons in biomass 
% HCR Extraction efficiency in terms of percentage hydrocarbons recovery 
 % HL Percentage harvest culture loss 
% HR Percentage of biomass recovered during harvesting 
% VH Percentage of culture volume harvested from growth stage 
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Appendix 2A: Process flow diagram 
 
 
Fig. 1: Process flow diagram for milking of B. braunii for renewable hydrocarbon production  
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Appendix 2B: Process stream data 
Table 1: Process stream data (Refer to Fig. 1 in Appendix A for stream number) 
Stream No. Flow rate Percentage composition (by weight) 
 Kg/year Biomass Water Solvent Extracted hydrocarbons 
1 8.66 × 106 - - - - 
2 2.47 × 109 - 100 - - 
3 
N fertilizer: 1.45 × 106 
P fertilizer: 1.89 × 105 
- - - - 
4 9.14 × 108 - 100 - - 
5 6.36 × 107 - - - - 
6 9.21 × 109 - 100 - - 
7 3.58 × 109 - 100 - - 
8 8.66 × 109 0.05 99.95 - - 
9 6.28 × 1010 0.05 99.95 - - 
10 7.15 × 1010 0.05 99.95 - - 
11 6.39 × 1010 0.005 99.995 - - 
11a 7.10 × 109 0.005 99.995 - - 
 
220 
 
11b 5.68 × 1010 0.005 99.995 - - 
12 7.15 × 109 0.005 99.995 - - 
13 4.29 × 108 7.5 92.5 - - 
14 3.76 × 108 6.07 93.87 0.05 - 
15 4.70 × 107 6.07 93.87 0.05 - 
16 4.29 × 107 - - 100 - 
17 4.91 × 107 - - 86.9 13.1 
18 2.15 × 105 - - 100 - 
19 6.44 × 106 - - - 100 
20 2.86 × 106 >80 - - - 
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Appendix 2C: Cost data 
Table 2: Equipment cost and bare module/installed cost data 
Equipment name   Equipment cost per unit Bare module/installation factor Total Bare module/ installed cost 
Open ponds $ 36,000/ha (installed) - $ 16,324,833.6 
Receivers $ 36,700/1000 m3 (installed) - $ 734,000 
Rotary filter $ 76,000/unit 1.35 $ 820,800 
Extraction column $ 205,7328.6/unit 2 $ 4,114,657.2 
Recovery preheater $ 6,494.9/unit 3 $ 19,484.7 
Recovery column $ 20,6632.6/unit 2 $ 413,265.2 
Drying beds $ 210,174/ha (installed) - $ 2,691,277.5 
Culture transport (piping) * 2.5 $ 7,294,585.31 
Culture transport (pumps) $ 55,464/unit (average) 3.24 $ 718,810 
Fresh water supply (piping) * 2.5 $ 2,330,303.6 
Fresh water supply (pumps) $ 49,527/unit 3.24 $ 481,404 
CO2 supply $6337/ha (installed) - $ 2,873,624.2 
Inoculum  See the main manuscript. - $ 1,290,923.6 
Total installed cost - - $ 40,107,969 
*The cost of HDPE pipes was estimated by the following empirical relation. 
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 Cost of pipe = Bdn, where d is the dia. of pipe in ft and B and n are the constants, (B = 9.77 and d = 1.95) determined by the data of vender quotes for 
cost of pipes of different dia. 
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Appendix 2D: Discounted cash flow analysis 
Net present value has been calculated by the following formula. 
𝑁𝑃𝑉 =
𝐶−2
(1 + 𝑟)−2
+  
𝐶−1
(1 + 𝑟)−1
 +  𝐶0 +  
𝐶1
(1 + 𝑟)1
+ ⋯ . + 
𝐶30
(1 + 𝑟)30
 (D1) 
 
Where ‘r’ is internal the rate of return of the company and ‘Ct’ is the net cash flow for the 
specific time period (year, in this case). The construction period of the project before the 
startup is 3 years represented by, t= -2, -1 and 0. All expenses and capital investment are 
negative cash flows and the revenues generated by sale of the product and by product are 
the positive cash flows. 
 
 
 
 
 
 
 
 
 
224 
 
Table 3: Discounted cash flow analysis (All costs are in 2015 US dollars). 
Year (t) -2 -1 0 1 2 3 4 
discount factor 1/(1+r)^t 1.2100 1.1000 1.0000 0.9091 0.8264 0.7513 0.6830 
Capital Investment        
Land - 4,353,289       
Fixed capital funded from equity* - 1,385,485 - 14,346,935 -  5,399,524     
Working capital   -  3,208,637     
Revenue        
Revenue by sale of B. Braunii hydrocarbons    17,523,147 23,364,197 23,364,197 23,364,197 
revenue by sale of leftover biomass    429,000 572,000 572,000 572,000 
Total revenue    17,952,148 23,936,197 23,936,197 23,936,197 
Expenses        
Operating expenses excluding depreciation    14,853,194 14,853,194 14,853,194 14,853,194 
Depreciation, D    5,833,880 5,833,880 5,833,880 5,833,880 
Interest and Loan repayment, L     6,414,371 6,414,371 6,414,371 6,414,371 
Total expense    27,101,446 27,101,446 27,101,446 27,101,446 
Income Tax    0 0 0 0 
Net cash flow        
After tax cash flow -  5,738,774 - 14,346,935 -  8,608,161 -  3,315,418 2,668,632 2,668,632 2,668,632 
Discounted after tax cash flow -  6,943,917  - 15,781,629 -  8,608,161 -  3,014,016 2,205,481 2,004,982 1,822,711 
Cumulative cash flow -  6,943,917  - 22,725,545 -  31,333,707 -  34,347,723 - 32,142,242 - 30,137,260 - 28,314,548 
*The equity assumed to be used in the 1st, 2nd and 3rd year of construction is 20%, 50% and 30% respectively. 
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Table 3a: Continued table 3 (discounted cash flow analysis) 
Year (t) 5 6 7 8 9 10 11 
discount factor 1/(1+r)^t 0.6209 0.5645 0.5132 0.4665 0.4241 0.3855 0.3505 
Capital Investment        
Land        
Fixed capital funded from equity        
Working capital        
Revenue        
Revenue by sale of B. Braunii hydrocarbons 23,364,197 23,364,197 23,364,197 23,364,197 23,364,197 23,364,197 23,364,197 
revenue by sale of leftover biomass 572,000 572,000 572,000 572,000 572,000 572,000 572,000 
Total revenue 23,936,197 23,936,197 23,936,197 23,936,197 23,936,197 23,936,197 23,936,197 
Expenses        
Operating expenses excluding depreciation 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 
Depreciation, D 5,833,880 5,833,880 5,833,880 5,833,880 5,833,880 5,833,880 5,833,880 
Interest and Loan repayment, L  6,414,371 6,414,371 6,414,371 6,414,371 6,414,371 6,414,371 - 
Total expense 27,101,446 27,101,446 27,101,446 27,101,446 27,101,446 27,101,446 20,687,075 
Income Tax 0 0 0 0 0 0 1,137,193 
Net cash flow        
After tax cash flow 2,668,632 2,668,632 2,668,632 2,668,632 2,668,632 2,668,632 7,945,810 
Discounted after tax cash flow 1,657,010 1,506,373 1,369,430 1,244,936 1,131,760 1,028,873 2,784,958 
Cumulative cash flow -  26,657,538 -  25,151,165 -  23,781,735 - 22,536,799 -  21,405,039 -  20,376,166 -  17,591,208 
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Table 3b: Continued table 3 (discounted cash flow analysis) 
Year (t) 12 13 14 15 16 17 18 
discount factor 1/(1+r)^t 0.3186 0.2897 0.2633 0.2394 0.2176 0.1978 0.1799 
Capital Investment        
Land        
Fixed capital funded from equity        
Working capital        
Revenue        
Revenue by sale of B. Braunii hydrocarbons 23,364,197 23,364,197 23,364,197 23,364,197 23,364,197 23,364,197 23,364,197 
revenue by sale of leftover biomass 572,000 572,000 572,000 572,000 572,000 572,000 572,000 
Total revenue 23,936,197 23,936,197 23,936,197 23,936,197 23,936,197 23,936,197 23,936,197 
Expenses        
Operating expenses excluding depreciation 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 
Depreciation, D 0 0 0 0 0 0 0 
Interest and Loan repayment, L  0 0 0 0 0 0 0 
Total expense 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 
Income Tax 3,179,051 3,179,051 3,179,051 3,179,051 3,179,051 3,179,051 3,179,051 
Net cash flow        
After tax cash flow 5,903,952 5,903,952 5,903,952 5,903,952 5,903,952 5,903,952 5,903,952 
Discounted after tax cash flow 1,881,181 1,710,165 1,554,695 1,413,359 1,284,872 1,168,065 1,061,878 
Cumulative cash flow - 15,710,027 - 13,999,862 - 12,445,167 - 11,031,808 - 9,746,936 - 8,578,871 - 7,516,993 
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Table 3c: Continued table 3 (discounted cash flow analysis) 
Year (t) 19 20 21 22 23 24 25 
discount factor 1/(1+r)^t 0.1635 0.1486 0.1351 0.1228 0.1117 0.1015 0.0923 
Capital Investment        
Land        
Fixed capital funded from equity        
Working capital        
Revenue        
Revenue by sale of B. Braunii hydrocarbons 23,364,197 23,364,197 23,364,197 23,364,197 23,364,197 23,364,197 23,364,197 
revenue by sale of leftover biomass 572,000 572,000 572,000 572,000 572,000 572,000 572,000 
Total revenue 23,936,197 23,936,197 23,936,197 23,936,197 23,936,197 23,936,197 23,936,197 
Expenses        
Operating expenses excluding depreciation 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 
Depreciation, D 0 0 0 0 0 0 0 
Interest and Loan repayment, L  0 0 0 0 0 0 0 
Total expense 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 
Income Tax 3,179,051 3,179,051 3,179,051 3,179,051 3,179,051 3,179,051 3,179,051 
Net cash flow        
After tax cash flow 5,903,952 5,903,952 5,903,952 5,903,952 5,903,952 5,903,952 5,903,952 
Discounted after tax cash flow 965,343 877,585 797,804 725,277 659,342 599,402 544,911 
Cumulative cash flow -  6,551,650 - 5,674,065 -  4,876,261 - 4,150,984 - 3,491,641 - 2,892,239 - 2,347,328 
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Table 3d: Continued table 3 (discounted cash flow analysis) 
Year (t) 26 27 28 29 30 
discount factor 1/(1+r)^t 0.0839 0.0763 0.0693 0.0630 0.0573 
Capital Investment      
Land     4,353,289 
Fixed capital funded from equity      
Working capital     3,208,637 
Revenue      
Revenue by sale of B. Braunii hydrocarbons 23,364,197 23,364,197 23,364,197 23,364,197 23,364,197 
revenue by sale of leftover biomass 572,000 572,000 572,000 572,000 572,000 
Total revenue 23,936,197 23,936,197 23,936,197 23,936,197 23,936,197 
Expenses      
Operating expenses excluding depreciation 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 
Depreciation, D 0 0 0 0 0 
Interest and Loan repayment, L  0 0 0 0 0 
Total expense 14,853,194 14,853,194 14,853,194 14,853,194 14,853,194 
Income Tax 3,179,051 3,179,051 3,179,051 3,179,051 5,825,725 
Net cash flow      
After tax cash flow 5,903,952 5,903,952 5,903,952 5,903,952 10,819,204 
Discounted after tax cash flow 495,374 450,340 409,400 372,182 620,033 
Cumulative cash flow - 1,851,954 - 1,401,615 - 992,215 - 620,033 0 
Net Present Value (NPV) = 0 
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Appendix 3A: Process flow diagram 
 
 
Fig. 1: Process flow diagram for milking of B. braunii for renewable hydrocarbon production 
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Appendix 3B: Process stream data 
Table 1: Process stream data (Refer to Fig. 1 in Appendix A for stream numbers) 
Stream No. Flow rate Percentage composition (by weight) 
 kg/year Biomass Water Solvent 
Extracted 
hydrocarbons 
1 8.66 × 106 - - - - 
2 2.47 × 109 - 100 - - 
3 
N fertilizer: 1.45 × 106 
P fertilizer: 1.89 × 105 
- - - - 
4 9.14 × 108 - 100 - - 
5 6.36 × 107 - - - - 
6 9.21 × 109 - 100 - - 
7 3.58 × 109 - 100 - - 
8 8.66 × 109 0.05 99.95 - - 
9 6.28 × 1010 0.05 99.95 - - 
10 7.15 × 1010 0.05 99.95 - - 
11 6.39 × 1010 0.005 99.995 - - 
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11a 7.10 × 109 0.005 99.995 - - 
11b 5.68 × 1010 0.005 99.995 - - 
12 7.15 × 109 0.005 99.995 - - 
13 4.29 × 108 7.5 92.5 - - 
14 3.76 × 108 6.07 93.87 0.05 - 
15 4.70 × 107 6.07 93.87 0.05 - 
16 4.29 × 107 - - 100 - 
17 4.91 × 107 - - 86.9 13.1 
18 2.15 × 105 - - 100 - 
19 6.44 × 106 - - - 100 
20 2.86 × 106 >80 - - - 
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Appendix 3C: Life cycle emission and energy consumption data 
Table 2: Life cycle analysis data obtained from GREET (All upstream emissions and fossil energy consumption associated with the resources) 
Resource Resource pathway Total CO2 
emissions 
GHG-100 
emissions 
Fossil energy 
  kg CO2 /kg 
resource 
kg CO2-eq/kg 
resource 
MJ/kg  
resource 
Nitrogen fertilizer Sodium Nitride production and transportation 0.59 0.63 8.07 
Phosphorous fertilizer Diammonium phosphate production and transportation 1.16 1.29 18 
Solvent  Liquefied petroleum gas from petroleum 0.63 0.89 56 
Soybean meal Soybean to soybean meal for other use 0.16 2.63 2.28 
  kg CO2 /kWh 
resource 
Kg CO2-eq/kWh 
resource 
MJ/kWh 
resource 
Electricity Distributed – U.S. Mix 0.52 0.55 6.54 
Heat Steam from natural gas boiler 0.28 0.32 5 
 
234 
 
Appendix 4: Chapter 1 as published in the journal 
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Appendix 5: Chapter 2 as published in the book 
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Appendix 6: Chapter 3 as published in the journal 
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Appendix 7: Chapter 4 as published in the journal 
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